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ABSTRACT
A comprehensive study has been performed on the feasibil i ty of
remote sensing by earth-orbiting microwave radiometers, covering the
frequency range 1 - 220 GHz. A broad range of terrestrial materials
and phenomena were considered in the study. Material eraissivities
were determined and incorporated in expressions designed to compute
apparent or brightness temperatures and contrasts at a given space-
c ra f t radiometer. The effects of the atmosphere were taken into
account in this manipulation. Antenna apertures of 25 and 5 feet were
assigned to radiometers at 1, 10 and 17 GHz, and 35, 94, 140, and 220
GHz, respectively. In addition, specific areas were assigned to the
target materials and phenomena.
State-of-the-art radiometer temperature sensitivities were deter-
mined and used as a basis for a signal-to-noise ratio. An analysis
of the calculated contrasts revealed 33 pairs of materials or phenomena
were detectable with reasonable certainty, in a range of weather
conditions.
The study showed a need for additional quantitative apparent
temperature data and dielectric permittivity information relative to
terrestrial materials. There is also a need for development of tech-
niques suitable for radiometric measurement of ocean roughness and
temperature and for interpretation of radiometric data.
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I. INTRODUCTION
It has been recognized for some time that microwave radiometry
could serve as a useful tool in remote sensing of Earth resources. During
the past few years, a wide variety of studies and experiments have been
performed to obtain quantitative data on the radiative properties of terr-
estrial materials and phenomena. Some of the results of these investigations
have been employed in this study, to determine the feasibility of micro-
wave radioraetric remote sensing from earth-orbiting spacecraft.
The frequencies selected for the study were 1, 10, 17, 35, 94, 140
and 220 GHz. These are considered to be the "window frequencies" in this
spectrum. Atmospheric effects were taken into account in the analysis of
radiations available at spacecraft radiometers viewing the Earth's surface
over a broad range of antenna beam nadir angles.
Quantitative data on the microwave properties of naturally occurring
materials was collected during an extensive survey. Basically, this inform-
ation consisted of apparent temperatures obtained during ground-based meas-
urements. The emissivities of the materials concerned were derived as a
function of incidence angle, with polarization as a parameter. Where nece-
ssary, this information was supplemented with theoretical values of emissiv-
ities derived from dielectric permittivities of selected materials.
A list of material-background and phenomenon-background pairs was pre-
pared and the apparent or brightness temperatures and contrasts were calc-
ulated at each .frequency, from the viewpoint of spacecraft radiometers oper-
ating at an altitude of 200 nautical miles and as a function of antenna
polarization, antenna beam nadir angle, surface temperature and weather model
Antenna apertures of 25 and 5 feet were assumed at 1, 10 and 17 GHz, and 35,
94, 140 and 220 GHz, respectively. In addition, specific areas were assigned
to the various target materials and phenomena considered in the study.
Following a state-of-the-art assessment of radiometer temper-
ature sensitivities, the detectability of each material or phenom-
enon, with respect to its background, was determined. A total of
33 pairs were found to be detectable over a minimum incidence angle
range of 0 - 30 degrees, through cloud and light rain. The criterion
for detection was a signal-to-noise ratio of five (5). For a pro-
bability of detection of 90%, this recresents a probability of false
alarm of 10 . Most of the detections occurred in the frequency range
1 - 3 5 GHz. Based on the study conditions, reliable detection of
the following materials is feasible:
Dry and moist soils vs. weed-covered loam
Limestone and pumice vs. " " "
Wheat, oats, and alfalfa vs. " "
Fresh water vs. " " "
Dry and wet snow, and ice vs. stoney loam
Dry and wet snow, and ice vs. sea water
Beach sand vs. " "
Fresh water vs. " "
Fresh water vs. dry and wet snow
Temperature distributions in soils and , to some extent, in water.
Moisture distributions in soils.
Forest fires (moderate size).
In addition, measurement of ocean roughness appears feasible with
microwave radiometers, although development of a reliable technique
is required.
An interesting technique for remote measurement of water surface
temperatures is presented in the report. Although limited, in its
theoretical form,to specular surfaces the technique should be developed
experimentally for application to a variety of ocean surface conditions.
A considerable amount of work remains to be done before micro-
wave radiometric lemcte sensing can be successfully employed. The
required effort is described in detail in Section IX - Recommendations.
Briefly, the recommended areas of endeavor include the following:
1. Provision of additional dielectric permittivities for selected
materials.
2. Development of techniques for derivation of emissivities of
"semi-rough-surfaced" materials.
3. Generation of a broader range of empirical data by means of
ground-based radiometric measurements.
4. Development of ocean roughness and surface temperature measure-
ment techniques, through ground-based experiments.
5. Provision of additional data on the microwave properties of
the atmosphere.
6. Development of interpretation techniques for airborne and
spaceborne radiometiic data.
Based on the results of the study, it is felt that microwave radio-
meters can perform a valuable remote sensing function in the Earth
Resources Program.
II. SPECIFIC OBJECTIVES
The objective of this research study was to perform a detailed inves-
tigation of factors governing the feasibility of utilizing microwave
radioraetry for remote sensing, in the frequency range 1 to 220 GHz. In
this context a study of existing quantitative and imaging data was required,
relative to the microwave radiative properties of naturally occurring mater-
ials and phenomena. The influence of the atmosphere, on radiations avail-
able at an earth-orbiting spacecraft radiometer, was of particular interest
in the study. When necessary the use of theoretically derived data was
permitted, to supplement empirical data.
The specific materials and phenomena, which were of interest in the
study, are given in Table I:
TABLE I
MATERIALS AND PHENOMENA OF INTEREST
Materials
Grass, bushes (3-6 feet),
deciduous trees and evergreens
Bare soils- loams, clay and sand
Snow and ice
Crops- Alfalfa, corn, wheat
Water- fresh and ocean
Rock- limestone and others.
Phenomena
Soil moisture and temperature,
including distribution
Glaciation, icebergs
Crop diseases
Water surface temperature and
distribution
Ocean roughness (wave height)
and froth
Fresh water sources in ocean areas
Beach erosion
Fresh water systems, rivers, lakes,
ponds, irrigation canals
Volcanoes
Forest fires
Fault lines.
Since it was realized that moist materials display different emissivities
and, hence, brightness temperatures from those exhibited by dry materials, in
the microwave region of the spectrum, an important objective was to treat as
many of the above materials as possible in both dry and moist states.
Since the effects of the atmosphere were expected to be of some signifi-
cance in the upper portion of the specified frequency range, calculated values
of sky brightness temperatures and atmospheric attenuation were required, as
a function of operating frequency, zenith (or nadir) angle, and weather model.
The final objective was to calculate the absolute and relative (contrast-
ing) brightness temperatures of the listed materials and phenomena, from the
point of view of a radiometer at an altitude of 200 nautical miles. The feasi-
bility of detecting a given material or phenomenon was to be based on an evalu-
ation of a given contrast (between a material or phenomenon and its background)
exceeding the radiometer temperature sensitivity by a factor of five (5), In
this connection, practical radiometer spatial resolutions and state-of-the-art
temperature sensitivities were to be taken into account. A related objective
was to take into consideration various methods of identifying materials and
phenomena, by means of earth-orbiting microwave radiometers.
III. SURVEY OF EXISTING RADIOMETRIC DATA
An intensive;'survey of published reports,, papers, and Government
Data Banks was made to provide the necessary prime radiometric data
and supporting information for this study. A literature search was also
performed by the Defence Documentation Center, Alexandria, Virginia. Actual
visits were made to several Government Agencies, universities, and indus-
trial firms to obtain, first-hand, as much up-to-date information as
possible.
A considerable amount of useful quantitative data was accumulated
during the survey/: however, certain gaps were evident at its completion,
when the accumulated data categories were checked against the materials
and phenomena listed in Table I. The gaps, indicate a general dearth of
high quali ty quantitative data suitable for utilization in this type of
study. The best quantitative data is that obtained with ground-based
radiometric equipment. There are several reasons for this:
i '
1) The observing radiometer is stationery, thus allowing arbitra-
rily long integration intervals which, in turn, ensure suffi-
cient build-up time for the output RC filter, when required by
changes in observed brightness temperatures. \
2) Since th,e radiometer is stationery,' a particular antenna beam
line-of-sight can be observed with no uncertainty as to the
location! of the antenna bearaspot.
3) A particular line-of-sight permits thorough correlative measure-
ments (by means of auxiliary instruments) of surface, temperature,
slope and roughness, material composition, and moisture content,
temperature and moisture profiles with depth, and various tem-
poral phenomena-.
4) Ground-based radiometric observations allow easy measurement
of influencing sky brightness temperatures. This is import-
ant at frequencies above 10 GHz..
5) Conversion of apparent temperatures to brightness temperatures
can be accomplished, if desired.
6) When compared with airborne equipment, ground-based radiometers
furnish inherently more stable and reliable operation due to the
absence of vibration and large ambient temperature variations.
This is particulary important in the case of absolute-type mea-
surements .
A prime reason for the previously mentioned gaps, in available quan-
titative data, is the lack of sufficient absolute accuracy. It was neces-
sary to discaid a considerable amount of empirical data which was some-
what inconsistent and which indicated unstable radiometer operation. This
problem revolves, principally, about the basic difficulty of achieving
accurate and stable calibration circuits in radiometers designed for field
measurements. Although part of this difficulty is simply due to economics,
since sophisticated calibration schemes are costly, most of it is due to
the slow rate at which calibration techniques have developed over the past
few years. It should be pointed out that most of the existing microwave
radiometric field measurement equipment was constructed 5-6 years ago
and, as far as can be determined, no significant improvements were made in
calibration schemes until fairly recently. Thus only measurements performed
during 1966 and 1967 produced useful quantitative data.
A. SOURCES OF EMPIRICALLY-DERIVED QUANTITATIVE DATA
Table II lists the sources and types of empirically-derived quan-
titative data used for further numerical manipulation in this study. Most
of this "input data" is reproduced for convenient reference in Figures 1
thru 42. Space limitations have prevented inclusion of six (6) apparent
temperature plots for beach sand (dry and wet), some snow, and stoney loam.
1'his information appears in numerical form in Part I, Volume II of this re-
port.
Figures 43 thru 45 show apparent temperatures obtained with the NASA
Manned Spacecraft Center airborne microwave radiometers, in flights over
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basalt, volcanic'i'cinder, lava, fresh water, and forest. Although this
data was not used for any further numerical manipulation, it is pre-
sented to show the relationship between the apparent temperatures for
these materials.
B. SOURCES OF AIRBORNE IMAGING DATA
Table III furnishes information on the source and type of air-
borne data presented in this report. Although it has not been possible
to interpret the\ information shown in Figures 46 thru 48, it is pre-
sented to indicate the available spatial resolution with a radiometer
using an antenna with a beamwidth of 2.0 degrees (average), when operating
at altitudes of 1000 to 1500 feet. Table IV presents a description of the
15 GHz airborne radiometric system used to obtain this data.
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Figure 1 - Brightness and Apparent Temperatures of Sea Water (9.5 GHz)
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Figure 2 - Brightness and Apparent Temperatures of Sea Water (9.5 GH?)
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Figure 5 - B r i g h t n e s s and Apparent Temperafures of Sea Water (16 5 GHz)
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Figure 12 - Brightness and Apparent Temperatures of Sea Water (94 GHz)
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Figure 14 - Btightness and Apparent Temperatures of Limestone (9.5 GHz)
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Figure 16 - Brightness and Apparent Temperatures of. Limestone (9.5 GHz)
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Figure 18 - Brightness and Apoarent Temperatures of Limestone (16.5 GHz)
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Figure 19 - Brightness and Apparent Temperatures of Limestone (94 GHz)
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rigure 20 - Brightness and Apparent Temperatures of Limestone (94 GHz)
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Figure 30 - Dillon Snow-Ice
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Figure 3A -37 GHz Scans of Snow on Ice (Dillon Reservoir)
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Figure 35 - 37 GHz Scans of Snow on Ice (Dillon Reservoir)
Vertical Pol.
Horizontal Pol.
300
250
200
150
100
c
: •
2!
bO
<U
-
1
 250
.
2 200
0)
pH
 150
-
2.
o,
300 n
250
200
150
100
Jt
, unit ,r<i»it
it.r inn
ar»*f*t,
!*.****
A * 7f ft
Figure 36- 37 GHz Scans of Snow on Ice (Thru' 13.7 hrs.)
37 GHz Scans of Ice (From 16.5 hrs.)
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Figure 37 - 19.35 GHz Radiometric Profiles of Forest Fire
(Sylmar, California, Nov. 1966)
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Figure 38(b) - Wheat, Measured at X-Band
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•UJ
K
3
h
<
tt
^J
a
S
u
z
UJ
a:
s
-X
JWU
280
260
240
220
2
-— T SUF
.
•
FACE
EOUATK
>—
LAMBEf
BLACK
RELATIV
X-BAND
N A
;___,
*T MODEL
c
V0.4
XL 3 0.7
; PUMICE
E DENSITY
,^ -J
, (EQUATIO
0.45
N 5)
J
T
m,
ADIOMETER MEASUREMENTS
ALCULATED FROM RADAR
MEASUREMENTS
DIELECTRIC CONSTANT 1.6i i
0 30 40 50 60 70 80
DEGREES FROM GRAZING
Fig. 40(a)-Black pumice, X band.
320
UJ
o:
D
300
Q
5
UJ
• -
280
z
UJ1
2
3
< 260
>0
X0 - 0.125
-XL « 0.16
*— T SUR
•
\
FACE
~~ — '
_____!
BLACK
C
LAMBERT
i ^^ |
EOU
PUMICE Ko BAND
ADIOMETER MEASUREMENTS
ftLCULATED FROM RADAR
MEASUREMENTS
MODEL (E
s~ =;
Sa_J^ ^^^*m—^
UION 4
OUATION 5 )
L ... -31
30 40 50 60
DEGREES FROM GRAZING
70 SO
Kig. 40( b)-Black pumice, Ka band.
IE./
IN DE&fct f S KtLVIN
;—PLOWED &BOUNO
-BUSIES
15 20 2» 30 3b 40 4i SO 55 80 85 70 75 «0 65 90
ANTENNA TILT fROM VERTICAL IN 0£S«EES
Figure Al - Measured Target Apparent Temperatures, Horizontal Polarization
(Bell Telephone Labs. 35 GHz Data)
M' '
I
X
10 l» 20 »» JO JS 40 45 SO »» 60 41
ANTENNA TILT f«OM VERTICAL IN OEiREES
70 7» §» w
Figure 42 - Measured Target Apparent Temperatures, Vertical Polarization
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Figure 44 - Airbdrne Radiometer Scans along Water, Lava, Cinder & Forest
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Figure 45 - Airborne Radiometer Scans along Lava and Cinder
(Note penetration effect shown by 9.3 GHz radiometer
with respect to high subsurface temp, of cinder)
Figure 46(a) - U.S. Coast Guard AN/AAR-33, Microwave Radiometric Strip
Map Data - Fields, Airport and Coastal Areas
Figure 46(b) - Continuation of above Imagery.
Length » 7 nm; Width » 3500 feet; Altitude = 1500 feet;
Antenna Beamspot Diameter * 80 feet.
Courtesy: Sperry Microwave
Electronics Division
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Figure 47(a) - U.S. Coast Guard AN/AAR-33, Microwave Radiometric Strip
Map Data - Norfolk, Virginia Area - Bridges, Streets, Docks
Figure 47(b) - Continuation of above Imagery.
Length * 7 nm; Width » 3500 feet; Altitude
Antenna Beamspot Diameter * 55 feet.
1000 feet;
Courtesy: Sperry Microwave
Electronics Division
•
Figure 48(a) - U.S. Coast Guard AN/AAR-33, Microwave Radiometric Strip
Map Data - Newport News, Virginia Area - Docking Facilities
Figure A8(b) - Continuation of above Imagery.
Length » 7 nm; Width • 3500 feet; Altitude
Antenna Beamspot Diameter » 55 feet.
1000 feet;
Courtesy: Sperry Microwave
Electronics Division
62
IV. THEORETICAL BACKGROUND AND PRELIMINARY RESULTS
A. DEFINITION OF BRIGHTNESS AND APPARENT TEMPERATURES
This s tudy has involved consideration of both brightness and appa-
rent temperatures; for this reason, it is appropriate to set down thei r
de f in i t i ons , some of wh ich wil l be given without p roof . Elect romagnet ic
waves emanate f rom all objects in a physical universe that are at a
thermal temperature above absolute zero. An object may t ransmi t , a b s o r b ,
or r e f l ec t any electromagnetic radiation which is incidence upon it.
The amount of emit ted radiat ion is dependent on f requency and temper-
ature and can be calculated for microwave frequencies, by the Rayleigh-
Jeans approximation to Planck 's radiation law. Reference (8) provides
a deta i led discussion of the relationship between these laws (see pp.
76 - 86). The Rayleigh-Jeans expression is;
B ( f , T ) a " " ' watts/steradianAlz/m (1)
where ,
B ( f , T ) = spectral brightness of the object as a funct ion of
f requency and temperature
k = Bo l t zmann ' s constant
A. = wavelength of the radiation
T 3 absolute temperature of the radiat ing ob jec t , degrees
Kelvin
Ac-cording to the above expression, the brightness is direct ly
propor t ional to the temperature of an objec t , in the microwave region
of the spectrum i .e. , a linear relationship exists between brightness
and temperature .
•
The Rayleigh-Jeans approximation to Planck's Law is accurate
within 5%, if the frequency (GHz) is less than the temperature (T)
in degrees Kelvin.
1. Brightness Temperature
Consider an area dA and a f lux density, S, measured at any point
of space. The energy, dE, in the frequency range, df, f lowing through
the a rea , dA, in an interval of time dt, is given by,
II S. dA. df. dt (2)
Now, consider a volume (hohlraum) enclosed by walls at temper-
a ture , T, as shown in Figure 49. The brightness B ( f , T ) of the radiation,
f r o m the indicated di rect ion, is defined as,
B ( f , T ) . . dSlim —
Cl-+0 dfl
(3)
where ,
dfi is the angle subtended by the source at area dA.
The area, dA, in Figure 49 can be considered to be the antenna aperture
of a microwave radiometer, and dQ the antenna beam solid angle.
At microwave frequencies a radiometer measures power - a quantity
proport ional to B ( f , T ) . Therefore, it is customary to express the
measured nowrr as a "brightness temperature", T_, through the relation
B
dP.
dA df dt
(4)
-7T7
Walla at temp. T
Figure 49 - Brightness Observed by Elemental Area
Radiometer
Antenna
TA
Figure 50 - Relationship of TA to TB,
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where,
dP a antenna power collected by the radiometer and, the remain-
ing terms are as previously defined.
In practise, dA, df, dt, and dO are radiometer parameters, repre-
sented by antenna aperture, frequency bandwidth, output integration
interval and antenna beam solid angle, respectively.
2. Apparent Temperature
The relationship between brightness and apparent temperature may
(9)
be understood with the aid of Figure 50 . The radiating source has a
brightness temperature, T , over the solid angle, Q . The power receivedB s
by the antenna, per Hz, is kT , where T is the "antenna temperature"
A A
(not to be confused with the physical temperature of the antenna). If,
as is usually the case, the antenna accepts only one plane of polar-
ization,
kT. I SA
whe re,
A =» the collecting aperture of the antenna
But,
Bfi
Therefore,
or,
Whence ,
n A
(5)
(6)
(7)
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However, the gain, G, of an antenna is given by,
(8)
X 2
Therefore, Equation (7) becomes
i n
T =• 2-5 (9)
4TT/G
i
Now,
4TT
G ~ -ft- (10)
a
where,
0 • solid angle of antenna beam
a
Therefore ,
TA B—
a
The above relations apply when the radiating source, at temperature T ,
, B
subtends a sufficiently small solid angle so that the variations of
antenna gain within it may be neglected, when it is observed against a
background of zero brightness. When Q > fi , then T = T .
S 3 *» o
3. Relationship of Power Received by Antenna and Subtended
Beam Area
It is important to point out that the power received by a radiometer
O*^s>J
antenna viewing, say, the earth 's surface i.e., an extended source is
A
independent of the subtended antenna beam area. Referring to Equation (1),
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the brightness, or power, varies directly with temperature and inversely
with the square of the wavelength. However, the beamwidth of the antenna
and thus the subtended beam area, at a given range, varies directly with
the square of the wavelength. Now, if the range is increased, the power
received from a unit area of the surface decreases as the square of the
•j* Of-if-/
range while the total surface area increases as the square of the range.
Thus, if the antenna is viewing an extended source, the two wavelength
dependences and the range dependences cancel out and the power at the
antenna is directly proportional to the brightness temperature of the
subtended area.
(10)4. Antenna Parameters
Consider a receiving antenna immersed in thermal radiation, as
shown in Figure 51. If an electromagnetic wave of given polarization
and flux density, S, is incident upon' the antenna from direction.9,
the antenna delivers SA(6) watts to a matched load. A(6) is the col-
lecting aperture of the antenna. Now, if A is the maximum value of
A ( 6 ) ,
A(6) = A F(6) , for F < 1 (12)
m —
where ,
F(8) is the antenna power pattern.
Since the power per unit area coming toward the antenna, from within
a cone dQ, direction 6, and within a frequency interval df , is given
by
S => B ( f , T ) df. dQ (13)
then, the power collected by the antenna from all directions is
dPA
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or A k.df
J—= (15)
The factor | implies that the antenna accepts radiation for only one
polarization. The incident radiation is assumed to be randomly polar-
ized.
Now consider the transmission line connecting the antenna to the
matched resistor representing the input to the receiver. The resistor
is a source of random noise and, if maintained at temperature T , delivers
K.
power to the transmission line. This is expressed as,
dP « kT df watts
R R
(16)
The transmission line is the one-dimensional analog of the hohlraum
shown in Figure 49. From Equation (16),
(17)
Similarly,
dP.
(18)
k.df
Substituting in Equation (15),
A
" -4 / Tn(6)F(6)dn (19)
The quantity T is the "antenna temperature" or apparent temperature
A
discussed in Silb-section 2 above.
T i.e., the receiver
load resistor is at the same temperature as the isothermal enclosure,
and T (6) is independent of 9. Therefore, the power flowing from the
Now, in thermodynamic equilibrium T ° T
K B
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^ antenna to the resistor must equal that flowing from the resistor to
the antenna.
Thus ,
T 3 ™ T F(9)dO
X
A r
™ T /
2
 J
or
A = - - (21)
m
Substituting for A in Equation (19),
T.A
 r (22)
This expression applies when the incident brightness temperature depends
on direction, which is usually the case in practical situations.
From Equation (22) it is clear that a microwave radiometer measures
the weighted average of the brightness temperature-incident on the
antenna, the weighting function being the antenna power pattern F(<3) .
For a narrow-beam radiometer antenna, with low sidelobe and backl,obe
levels, T will be nearly equal to T in the direction of the mainA B
antenna beam. In general, however, particularly if values of T are
B
required to a high degree of accuracy, the integral in Equation (22)
must be inverted. The procedure for this is described in Appendix
A - Antenna Pattern Correction.
5. Practical Conversions of Apparent Temperatures to Brightness
Temperatures
The inversion of Equation (22) was accomplished for practical
application by means of a computer program, generated during
 (the course
of the study. Apparent temperature data, measured during the JPL/Raytheon
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•field measurement program (References 4 and 5), was converted to
brightness temperatures by taking into account, both, the actual
radiometer antenna patterns (at 9.5, 16.5, and 94 GHz) and estimates
of brightness temperatures received by various portions of the antenna
patterns at two measurement locations. Estimates of "input" brightness
temperatures were made along two orthogonal planes, centered on the
radiometer antenna. Figures 52 - 54 indicate the approach used in this
portion of the procedure. Ordinarily, in a planned measurement operation,
the above estimates of input brightness temperatures can be replaced be
actual measurements at selected angles in the vertical and horizontal
planes. This approach, though laborious, would probably result in more
accurate conversions.
Figures 1-12 show the results of the above conversions for the case
of sea water and the atmosphere, at 9.5, 16.5, and 94 GHz and for both
horizontal and vertical polarizations. It will be noted that, in the
case of the atmosphere, the resultant brightness temperatures are slightly
lower than the apparent temperatures. The opposite is, in general, true
for the sea water itself. Fairly large separations are generally evident
between the sea water brightness and apparent temperatures near vertical
incidence (zenith angle » 180 degrees) and in the vicinity of the Brewster
Angle (vertically polarized data). Similar comments apply to the limestone
data shown in Figure 13 - 20.
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Crass-Covered
Hills
Ocean
Asphalt
Road
Figure 52 - Plan View of Ocean Site at Ventura, California
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Figure 53 - Elevation View along Antenna Line-of-Sight Axis
(Ocean Site at Ventura, California)
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Figure 54 - Elevation View across Antenna Line-of-Sight Axis
(Ocean Site at Ventura, California)
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B. FACTORS GOVERNING APPARENT TEMPERATURES NEAR THE EARTH'S SURFACE
The apparent temperature, observed by a radiometer near the
earth's surface, can be related to the specular microwave radiative
properties of the material and the environment by the relation
T a e T, + p T-, degrees Kelvin (23)A 9i 9 2
in which,
e • emissivity at incidence angle 9
p a reflectivity at incidence angle 9
o
T1 a . thermometric temperature of the target, K
T a brightness temperature of any object whose radiation is
reflected by the target, K
This expression applies to specular reflecting surface^, such as calm
water, smooth soil and similar smooth-surfaced materials.
If thermal equilibrium conditions prevail at * he surface and the
material is homogeneous,
P = (1 - e) (24)
Substituting in Equation (23),
TA B ^Tl * (1 " V T2' degrees Kelvin < 2 5>
Sky radiation is an important factor in radiometric observations.
Since reflected sky radiation ranges from approximately 0 K to 290 K
(being a function of operating frequency, weather condition and inci-
dence angle) its contribution to T. in Equation (25) can be significant.
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Equation (25) may, therefore, be writ ten,
T • e T + (1 - e ) T '• , °K (26)
A CD Cp 89
where,
T is the sky brightness temperature at zenith angle cp.
It is worth observing, here, that the emissivities of smooth-
surfaced (specular) materials usually vary markedly in magnitude, as
- a function of incidence angle, with considerable separation between
the vertically and horizontally polarized components. As a result
the associated apparent temperatures behave in similar fashion.
Examination of Equation (26) reveals that specular materials
such as calm water, with high reflectivities (e»0), exhibit relatively
low apparent temperatures whenever they reflect low values of sky
brightness temperatures. Of course, as shown in Figures 1 - 20, specular
materials do not always exhibit low apparent temperatures. This is
because their emissivities can be high due to, either, low values of
dielectric permittivity or a large incidence angle (for vertical com-
ponents of polarization), or a combination of both.
In the case of truly rough (diffuse) surfaces, the emissivity is
relatively constant over a broad range of incidence angles. For such
materials, Equation (26) is written,
TA ° V * ° -V TS
where ,
and,
e
 = d i f fuse eraissivity
T avg. = sky brightness temperature, averaged over the total
zenith angle (0 to 90 degrees).
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It should be pointed out that the "roughness" of a surface is
dependent on the operating wavelength. In general, maximum roughness
is observed in situations where the surface irregularities are of the
order of a wavelength. A first order measure of surface roughness,
in the case of empirical data, is a lack of significant separation be-
tween brightness temperatures (and emissivities) for vertical and
horizontal polarizations, at incidence angles beyond about 30 degrees.
In the case of surfaces which are partly specular and partly
d i f f u s e , special techniques are required to derive their emissivities.
These techniques involve the use of scattering models which describe
surfaces of interest. This is a complex problem, demanding a partially
empirical solution, and will not be treated here.
C, FACTORS GOVERNING BRIGHTNESS !TEMPERATURES AT SOME ALTITUDE ABOVE
THE EARTH'S ATMOSPHERE
Consider a radiometer some distance above the earth's surface,
as shown in Figure 55. Several important variables influence the mag-
nitudes of brightness temperatures at the radiometer. The effects of
the atmosphere contribute three variables, in addition to those dis-
cussed in the preceding Section; these are listed below:
<* sky brightness temperature, as viewed from the surface,
flt zenith angie <p (ATMOSPHERE - Radiation, right side
of Figure).
t = atmospheric transmission factor, at zenith angle f
™ derived from atmospheric attenuation (ATMOSPHERE -
Attenuation in Figure).
T ° sky brightness temperature, viewed from some altitude,
Scp
'
up
 at nadir angle cp (ATMOSPHERE - Radiation, left side
of Figure).
The brightness temperature, at some altitude above the surface,
may be expressed as follows for specular materials.
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Figure 55 - Factors Involved in Radiometric Detection of
Surface Targets
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TB [ e T + (1 - e )T0 . t. * T0 (28)cp tp Scp.downJ fcp Scp.up .
in which the various terms are as previously defined.
For diffuse surfaces, the above Equation must be modified to
account for surface scattering of reflected sky brightness tempera-
tu'es. Thus,
[:T ' a 16 T + (1 6 )T It + TB d i f fuse D D S avg. down fcp 89, up (29)
whe re,
T ° sky brightness temperature, viewed from the sur-
avg. own face and averaged over the total zenith angle
(0 to 90 degrees).
and the remaining terms are as previously defined.
The expressions presented in Equations (28) and (29) were used
in -the final phases of the study to compute apparent and brightness
temperatures, as applicable, for a wide variety of materials at various
frequencies, two polarizations, a range of incidence angles and for
several weather conditions. The resultant data is tabulated in Volume
II of this report and is discussed in Section VI.
D. DERIVATION OF 'EMISSIVITIES FROM MEASURED QUANTITATIVE DATA
The determination of apparent or brightness temperatures at some
altitude above the.'surface, in the presence of certain weather con-
ditions, requires 'knowledge of the various parameters appearing in
Equations (28) and (29). Apart from the influence of intervening
weather, the, apparent temperatures, observed near the surface, are of
particular importance since this information serves as a starting point
for further data manipulation. This portion of the required information
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is represented by the quantities wi th in the square brackets in K q u a l i o n s
(28) and (29); these quantities are identical to Equations (26) and
(27) , respectively.
The "input" ground-based data , most of which is presented in
Figures 1 - 4 2 , may be represented by Equations (26) and (27) , if
it is assumed that the surfaces of the observed materials were either
truly specular or truly d i f fuse . It was necessary to use this assump-
tion in the study due to the lack of suitable scattering coefficients
which would permit treatment of some of the materials as semi-rough
surfaces .
To distinguish between specular and d i f fuse materials, it was
necessary to establish a criterion with respect to the accumulated
measured data. Following a review of the data , it was decided to base
the criterion on the amount of separation existing between the verti-
cally and horizontally polarized components of apparent temperature at
an incidence angle of 60 degrees. An incidence angle of 60 degrees
is considered to be reasonable for any such criterion since, this would, '
very likely, be the maximum scan angle of any future spacecraft 'radio-
meter. For purposes of this study, it was decided to label all mater-
ials ^pecular if the separation, at an incidence angle of 60 degrees,
exceeds 15 degrees Kelvin. For a separation of 15 degrees Kelvin or
less, the mater ial was considered to be di f fuse . This is, in all
probabi l i ty , a reasonable criterion since a specular material , such as
water , exhibits a separation of approximately 100 K between the verti-
cally and horizontally polarized components of brightness temperature,
at an incidence angle of 60 degrees and a clear atmosphere. The 15 K
demarcation point represents a reduction in separation of 85% in this
example.
Prior to discussing the derivation of emissivities from measured
quan t i t a t ive da ta , ,one might ask why this is considered necessary?
Refer r ing to Equation (26) , it is clear that when a ground-based
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radiometer measures the absolute value of apparent temperature, at a
given antenna beam incidence angle, it automatically records the com-
bined effect of direct emission from the surface, e T, and reflected
atmospheric radiation, (1 - e ) T . Thus, the reflected atmospheric
radiation tends to raise the total value of observed apparent temper-
ature by some amount. The exact amount contributed by the second term
in Equation (26) is dependent on the surface refectivity and sky bright-
ness temperature at the radiometer operating frequency, for a given
environmental condition. If the measured apparent temperatures were
used "as is" in Equations (28) and (29), there could be an inconsistency
between the paramei.er x , (implied in the original value of T )
scf , down A
and the parameters t and T0 , for a particular weather model. Thist cp S cp, up
would introduce errors in computations involving Equations (28) and (29).
1. Derivation of Emissivities of Specular Surfaces
Most of the data presented in Figures 1 - 4 2 was obtained by
positioning ground-based radiometric measurement stations at desired
locations and measuring absolute apparent temperatures from zenith
to nadir (or vice-versa) in increments of 5 or 10 degrees, with a pencil-
beam antenna. As mentioned previously, with reference to Equation (26)
when the radiometer antenna is pointed at the desired material, the
radiometer records an apparent temperature which is the combined effect
of direct emission from the surface plus reflected atmospheric radiation.
By pointing the antenna at desired zenith angles, it was possible to
measure directly the absolute values of incident apparent sky temper-
atures, T , Finally, by making direct measurements of surface temper-
scp
atures, T, by means of thermistor-type sensors, all of the unknowns
except one (the emissivity) were isolated. The apparent emissivities
of specular materials may be derived, for specified incidence angles,
with the did of an inverted form of Equation (26), as follows,
T - T
e . -A - scp_
 (30)
T - Tscp
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If, prior to this manipulation, the measured apparent temperatures were
converted to brightness temperatures, by means of an antenna pattern
correction technique (Section IV and Appendix A) true emissivities could
, be derived by replacing T with T in the above Equation. This was
A B
possible, in this study, with the sea water and limestone (specular)
data shown in Figures 1 - 20. Examples of derived specular true
eraissivities, for sea water and crushed limestone, are presented ' in
Figures 56 - 58.
2. Derivation of Emissivities of Diffuse Surfaces
The apparent emissivities of truly d i f fu se surfaces may be derived
f rom measured data by means of an inverted form of Equation (27). Thus
T - T
„ _A s_ayjL (M)
T - T
s avg.
It follows that the measured apparent sky temperatures must be averaged
over the total zenith angle, from zenith to horizon, prior to applying
this expression. True diffuse emissivities may be derived if the mea-
sured apparent temperatures are first converted to brightness temperatures,
as previously discussed, and T. replaced with T .
A B
Figure 59 shows the apparent temperatures of a diffuse material -
dry sandy loam - for 13.4 and 37 GHz and both vertical and horizontal
polarizations. The derived apparent emissivities for this diffuse mat-
erial are shown in Figure 60. The similarity, in shape, of the
emissivity and apparent temperature curves is readily seen by comparing
Figure 60 with Figure 59.
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V. THEORETICAL SOURCE DATA
i
A considerable amount of theoretical source data was generated
during the study, to f i l l gaps in empirical data and to furnish atmos-
pheric information for computation of apparent or brightness temperatures
of materials from the point of view of spacecraft radiometers.
A. DIELECTRIC PROPERTIES OF MATERIALS
The dielectric properties of materials are of great importance,
in a study of this, type, since knowledge of dielectric permittivities
enables the calculation of specular emissivities for materials of
interest. Although some new dielectric permittivity data b«>came avail-
able during the study, there is still a considerable shortage of such
information for the types of naturally occurring materials covered in
the project. In addition, measured data showing the frequency depen-
dence of dry and moist materials is largely non-existent. There appears
to be a definite need for additional laboratory investigations in this
area.
I,. Dielectric Properties of Fresh Water
The dielectric properties of pure liquid water have been reviewed
by Hasted and;,more recently by von Hippel . According to
the latter, it is 'accurate to consider only dipole relaxation through
the microwave region. Although evidence is strong that other sources
of absorption are dominant for wavelengths shorter than 1 mm,for the
highest f requencyiOf interest here, only dipolar absorption will be
considered.
Experiment has amply demonstrated that a single relaxation time
is sufficient to explain the water absorption spectrum. This time is
sufficiently shortJ,to place the relaxation dispersion region of liquid
water in the microwave region. The Debye formula then gives the fre-
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quency dependence of the dielectric permittivityK
„ , / , 1 j — • )
(32)
(K
(v\ )
S
where,
v = wavenuraber (cm )
. = relaxation wavelength (cm)
3
 static permittivity
o
^ = high frequency limit of permittivity
The three Debye parameters, K , K , and X are functions of
o s
water temperature. The variation of K used is that obtained by
Maryott and Malmberg
K = 87.740 - 0.40008t + 9.398 x 10"4 t2 + 1.410 x 10~6 t3 (34)
o
where,
t • temperature ( C)
The dependence of relaxation wavelength, X , on temperature is tab-
ulated in Reference (11) under the assumption that K^ =», 5.5. Although
some researchers have suggested the value Km = 4.5, the presence of
other absorption mechanisms, in the sub-millimeter wavelength regions
of the spectrum, implies that the asymptotic value of K' in the Debye
model should be chosen to fit data at longer wavelengths. For consist-
ency then, the choice K = 5.5 is made here. The tabular data on X00
 s
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in the range 0° - 40°C is adequately represented by the analytical
form,
\ » 1.78 - 0.05AT + 1.1 x 10"3 (AT)2 - 1.69 x 10"5 (AT)3 (35)
s
where,
AT = T - 293
T 3 temperature, degrees Kelvin
2. Dielectric Properties of Sea Water
The effects of different solutes on the dielectric permittivity
of water have been documented in Reference (14). For purposes of
this study it is deemed sufficient to regard sea water as a solution
of NaCl with a normality of 0.58. This model sea water would thus
reveal dielectric properties typical of actual sea water.
Since experimental measurements of Reference (14) indicate that sol-
utions also satisfy the Debye relations (Equations (32) and (33)) it is
only necessary to describe the temperature dependence of K and A. .
o s
These were determined by interpolation from the data in Reference
The following expressions were used in this derivation:
K = 73.0 - 0.35 x AT '36)
o
\ » 1.71 - 4.2 x 10~2 AT + 8.25 x 10"4 (AT)2 - 1.1 x 10~5 (AT)3 (37)
where,
AT <• T- -293
T <» temperature (degrees Kelvin)
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Table V lists the dielectric permittivities of fresh and sea
water at seven frequencies and three temperatures.
TABLE V
DIELECTRIC PERMITTIVITIES OF WATER
Frequency
(GHz)
1
10
17
35
94
140
220
Frequency
(GHz )
1
10
17
35
94
140
220
T = 273.0 °K
Fresh Water
e' e"
86.77
41.86
23.19
10.49
6.23
5.83
5.63
T = 283
9.14
40.87
33.81
19.65
7.72
5.21
3.32
.0 °K
Fresh Water
e'
83.38
53.01
32.74
14.25
6.84
6.11 ,
5.75
e"
6.28
38.30
37.33
24.68
10.17
- 6.89
4.41
T =
Sea
e'
79.32
43.01
24.84
11.19
6.34
5.88
5.66
T =
Sea
e'
76.16
51.22
32.82
14.63
6.92
6.15
5.76
273.0 °K
Water
e"
7.34
37.28
32.68
19.80
7.89
5.33
3.40
283.0 °K
Water
e"
5.26
34.03
34.57-
23.77
9.95
6.76
4.32
(continued)
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TABLE V (continued)
DIELECTRIC PERMITTIVITIES OF WATER
Frequency
(GHz)
1
10
17
35
94
140
220
T = 290.0 K
Fresh Water
e' e"
80.94
58.77
39.63
17.78
7.48
6.40
5.87
4.90
34.61
37.69
27.92
12.08
8.23
5.27
T = 290.0 °K
Sea Water
e1 e"
73.84
55.19
38.17
17.62
7.48
6.41
5.87
4.22
30.66
34.26
26.16
11.49
7.84
5.03
3. Dielectric Properties of Ice
Although the dielectric properties of ice are discussed in Refe-
rence (11), the dispersion region is not sufficiently in the micro-
wave portion of the spectrum to enable use of the Debye formula.
Instead, the real part of the permittivity is taken to be constant and
equal to 3.30, according to Reference (15) and a private communication
from Mr. W. B. Westphal. This value is somewhat higher than that
obtained by Gumming (Reference (16)) at 9.4 GHz. His value was 3.15.
The constancy of K' with frequency seems well confirmed, as does
the fact that the loss tangent is quite small. By combining the data
of References (15) and (16), the following frequency and temperature
dependence was used:
tan6 - * Bf
 (J8)
where,
£ • frequency (GHz)
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5.66 ._-4A * x 10
1 - 0.13AT
2
'
77
 - x 1C'4
1 - 0.195AT
AT * T - 273 °K
The imaginary part of the permittivity is formed f r o m Equation
(38) by the relation
K" » K' tan6
4. Dielectric Properties of Snow
The properties of dry snow have been measured at 9.4 GHz by
(16)Gumming . He reports that the snow may be regarded as an ice/air
mixture with the fo l lowing expression used to determine the permittivity :
e' - 1 P K'. - 1
-
 S X
 (39)
3e' p K'. + 2e'
s s i s
where ,
K! = real part ice permittivity
e' = real part snow permittivity
p = density of snow (g/cra )
S
p = density of ice = 0.916 g/cm
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Equation (39) can be used to find the permittivity for a given density
of dry snow.
In the case of wet snow, the free water content has a very sig-
nificant effect on the permittivity. Reference (17) suggests a mixing
formula for wet snow as follows:
F(e ) = p F(K ) * (1 - p) F(e )
WS W s
(40)
where,
e 3 complex permittivity of wet snow
K a complex permittivity of pure water
w
e » complex permittivity of dry snow
s
fraction of free water by volume
F(x) x - 1
X + U
Reference (17) suggests the value of u » 10 as approximate for snow.
Because the loss tangent for snow is generally so small, Equation
(40) can be used for the real parts alone (e1 , K* , e' ). For the
WS w S
imaginary part, the following approximate expression can be derived:
ws
p K"
w
+ (1 - p) e" (41)
K' + u
w
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B. CALCULATION OF EMISSIVITY FOR SPECULARLY REFLECTING MATERIALS
The emissivity of a specular surface is derived from the
(18)
refectivity by Kirchoff's law
- 1 - p (42)
The reflectivity for horizontally polarized waves, is given by the
Fresnel formula,
cos
P
1/2
- 5 cos 4»
cos
1/2
+ S cos
(43)
where,
$ •» incidence angle
ijj • angle of transmitted beam with respect to
normal,
6 • e1 - je" - complex dielectric permittivity
For vertical polarization a similar expression obtains,
e cos $ - e cos \ji
•1/2
e cos $ + e cos 41
(44)
In order to reduce Equations (43) and (44) to real form, Snells
law is employed.
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e1'2 sin * - sin
The polar fom for the complex number la then Introduced:
e cos2 * - • - sin2 * - r e"3c (46)
The polar quantities can be calculated explicitly as follows:
r
r - [e» - sin2 «)2 + (e»)
- tan'1 [e" /<e« - sin2
Using the definition in Equation (46), the absolute values in
Equations (43) and (44) can be evaluated. Substituting these
results in Equation (42). yields after some manipulation
4 cos + r1/2 cos (C/2)
1 Vo o 5
[cos 4> + r ' cos (C/2)J 4 r sin
(49)
1/2 (5°)
. 4 cos » rx/^ [cos (c/2) e' + sin (c/2) e"l
[ef cos • + r1/2 cos (c/2))2 + (e" cos * + r1/2 sin (C/2)J2
'Some siojplication of Equations (49) and (50) is possible by introduction
of <tvo auxiliary parameters:
a - r172 cos (c/2)
 (51)
b • r1/2 sin (c/2) (52)
1
For the case of normal incidence, ($ • 0), these parameters
are readily indentified. From Equation (46),
e • r axp (-JC)
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so that £ LS the so-called dielectric loss angle. Hence, a_ is the
refractive index and b_ is often called the "absorption" coefficient.
For non-normal incidence, £ and b_ d i f fer slightly from these values.
Substituting equations (31) and (52) in Equations (49)
and (50) yields:
4 a cos 4
« - (53)
h 2 2(cos $ + a) + b
and
4 cos <t» (a e* + b e")
ev -
(54)
(e1 cos 4. + a) + (e" cos 4> + b)
A computer subroutine has been prepared to calculate a, b,
eh, and cy from Equations (47), (48^ (51) and (54) for
given values of $, e1 and e".
Figures 61 - 81 present calculated plots of sea water emissivities
for vertical and horizontal polarization, as a function of incidence
angle, for all seven frequencies used in the study - 1, 10, 17, 35,
94, 140 and 220 GHz. To show the temperature dependence of sea
water emissivities, separate plots are provided for 273, 283, and
290 degrees Kelvin, at each frequency.
It will be noted that the vertical incidence emissivities
increase gradually with frequency. This is because the dielectric
permittivities gradually decrease with frequency (see Table V).
The net result of this phenomenon is tha t , over a useful range of
incidence angles of, say, 0 to 60 degrees the brightness temperature
of water will tend to increase with frequency. Another feature is
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that the peak of the vertically polarized curve, at the Brewster
Angle, drops down from unity emissivity to some lower value, at frequ-
encies above 1 GHz. More significantly, the Brewster Angle grad-
aully shifts f rom 84 degrees at 1 GHz to approximately 70 degrees at
220 GHz. Finally, at vertical incidence and all frequencies, there is
an inverse relationship between temperature and emissivity. However, the
temperature dependence increases with frequency and is rather pro-
nounced at 35 GHz and above.
Figures 82 - 102 present calculated emissivities for fresh water,
arranged in the same manner as the above sea water data. The character-
istics are quite similar to those of sea water and very little difference
is apparent between fresh and sea water emissivities. If anything, the
sea water emissivities are slightly higher at vertical incidence, at all
frequencies. This is due to a slightly lower dielectric permittivity
in sea water at most frequencies in the selected range, as shown in
Table V.
Figures 103 - 108 present calculated emissivity plots of dry snow,
at 1, 17, and 94 GHz. Two temperatures are represented, in separate
plots, at each frequency - 253 and 273 degrees Kelvin. Although
similar emissivity plots were generated for the other four frequencies
in the selected range, these are not included due to the fact that
they were identical to those shown in the above Figures. There is no
discernable frequency or temperature dependence in the data. All vertical
incidence eraissivities are quite high - approximately 0.98; this
is contrary to experimental data, taken at 13,4 and 37 GHz, and shown
in Figures 30 - 36. The measured data shows a marked reduction in
apparent temperature i.e., low emissivities, whenever the free water
content is very low i.e., when the snow is frozen. There is no ready
explanation for this di f ference between calculated and measured data.
ii1
 Figures 109 - 115 show calculated emissivity plots of wet snow
at all seven frequencies, at a temperature of 273 degrees, Kelvin.
It w i l l be noted tha t , although the vertical incidence emissivities are ,
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Figure 85 - Theoretical Emisaivity of Fresh Water (f = 10 GHz, T = 273 deg.K)
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Figure 87 - Theoretical Emiasivity of Fresh Water (f = 10 GHz, *T = 290 deg.K)
125
O
O
o
LU
QC
cr
LU
LJ
Z
LU
UJ
cn
en
LU
O
O
•
oo
r-
CM
•
Q_
21
LU
O
O)
O
03
O
r-
0
(D
LU
Oin
O
=»*
O
*— »
CJ
o
<n
O'T 8'0 9'0 h'O -2'Q 0'0(
JL1IAISSIW3
Figure 88 - Theoretical Emissivity of Fresh Water (f = 17 GHz, T * 273 deg.K)
126
NJ
T.
O
O
o
•
r-
a
LU
a:
LJ
~ZL
LU
cn
en
CO
LU
LU
O
ro
GO
f\J
•
Q_
21
LU
O'l B'O 9'0 fi'O
X1IAISSIW3
o
en
o
oo
0
CD C±)
UJ
a
o
un
LU
—i
O
^ac
o (_)
=f -sr
a
oCM
O ' O '
l 'Lg \ i r e 80 - ThporpHral Enuss iv i fy of Fresh Water (f = 17 GHz, T » 283 deg.K)
127
o
o
a
UJ
oc
(X
LU
O
-z.
LU
CO
en
LU
a
o
en
8'0 9'0 ti'O
X1IAISSIW3
o
en
o
03
CO
0
co
LU
O
LU
LU
O (_)31
a
o
o z
CO •— i
•noO ' O
Figure 90 - Theoretical Emissivity of Fresh Water (f = 17 GHz, T = 290 deg .K)
128
o
o
•
LO
00
LU
QC
CD
cr
LU
CJ
LU
*—*
<->!
z(
CO
'LU
CO
UJ
QC
CO
CO
LU
LU
o
o
•
00
r-
OJ
•
Q_
21
LU
8'0 9'0 ti'O
J L 1 I A I S S I W 3
I ' Q
o
en
oGO
o
r-
CO
Lu
LU
QC
oin
UJ
CJ
LU
CD
CJ
o
CO
o
fM
O
O ' t V
Figure ^1 - Theoretical Emissivity of Fresh Water (f = 35 GHz, T = 273 deg.K)
129
o
o
•
LO
CO
•
O
LU
QC
O
2
cr
LU
o
2
LU
O
~~
CJ
01
CO
»—i
21
LU
LU
O
m
CD
CNJ
O'l
o
00
CO
LU
LU
0
 °E03 O
LU
a
oin
CE
LU
o
3"
LU
O
O
o
en
8'0 9'0 fi'O
JL1IAISSIW3
Z'Q O'O'
figure 92 - Theoretical Emiasivity of Fresh Water (f = 35 GHz, T • 283 deg.K)
130
cri 9*0 fro
J L 1 I A I S S I W 3
Z'O 0'0(
Figure 93 - Throrefical Emissivify of Fresh Water (f » 35 GHz, T = 290 deg.K)
131
fvj
o
o
CD
•
O
LU
OC
or
UJ
cn
CO
LU
o
CO
r-
CM
•
Q-
21
UJ
f
o
O)
o
03
O
r-
o
to CD
oin
CD
z:
cr
Q
O
o
CO
o(M
Q ' \ Q ' O 9 ' 0 t i 'O 2 ' 0 O ' O '
X1IAISSIW3
riguro 04 - Theoretical Emiasivity of Fresh Water (f a 94 GHz, T = 273 deg.K)
132
LU
J^
CD
2
CL
LU
LU
OCT
^LUOH-
^cr
1
 T
cn
LU
oc
u_
CD
O
CD
CD
•
O
LU
OC
CO
CO
LU
CD
LU
O
on
oo
CM
O
O)
O
03
CO
LU
UJ
o OC
co CD
LU
O
CD
Z.
cr
o CJ
-^f ^
LU
CD
O
ro
o
(V
O'l 8'0 B'O h'O I'Q Q'Q(
J L 1 I A I S S I W 3
Figure 95 - Theoretical Emissivity of Fresh Water (£ = 9A GHz, T = 283 deg.K)
133
o
o
•
rr
CO
•
o
LU
CC
CC
U_l
LJ
z
UJ
oc
CD
(T)
21
UJ
O
O
•
O
CD
OJ
•
Q_
21
UJ
O'l
o
en
o
00
(3
UJ
Q
CC
O 'vj
LU
Q
CJ
o 2
en •—.
o
CM
8'0 9'0 1TO
X1IAISSIW3
0'0(
Figurp 96 - Theoretical Emiasivity of Fresh Water (f = 94 GHz, T = 290 deg.K)
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in general, almost as high as those for dry snow, there is some
frequency dependence in the data - the emissivities increase, gener-
ally, with frequency. The exceptions to this feature are the plots for
10 and 17 GHz, although the reduction in vertical incidence emissivities
at these frequencies, relative to 1 GHz, is very slight. The only other
difference between wet snow and dry snow emissivities is that, at lower
frequencies, the separation between vertical and horizontal components
of polarization is somewhat greater, at incidence angles of 30 to 60
degrees.
Figures 116 - 121 piesent calculated plots of emissivities for
smooth ice, at 1, 17, and 94 GHz. Temperatures of 253 and 273 degrees
Kelvin are used at each frequency. As in the case of the dry snow data,
there is no discernable frequency or temperature dependence in the data;
for this reason, plots for the remaining frequencies, in the selected
range, are not included. At vertical incidence, the emissivity is
approximately 0.92. This implies a brightness temperature of approxi-
mately 251 K, for a thermodynamic temperature of 273 K. Referring to
Figure 32, relatively close agreement is shown between this value and
measured data at 37 GHz - there is a deviation of only 2 K at vertical
incidence. The shapes of the calculated emissivity curves and the
measured apparent temperature curves show generally good agreement.
Figure 122 shows three sets of emissivity plots at a frequency of
14 GHz, for limestone, a saline material(from Death Valley) , and quartz
sand. This information was taken from data appearing in Reference 2.
An interesting feature of this set of curves is the clear indication
of the inverse relationship between dielectric permittivity and emis-
sivity. It wil l be observed that as the real part of the dielectric
permit t ivi ty is reduced by a factor of approximately two, the emissivity
increases by approximately one-tenth. A one-tenth shift in emissivity
may not appear to be significant until one realizes that it represents
a change of 30 K, at a thermodynamic temperature of 300 K. Such large
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brightness temperature differences between materials would greatly
facilitate detection and identification by a relatively ordinary radio-
meter. Another characteristic of the data is the progressive shift of
the Brewster Angle from approximately 72 degrees to 62 degrees from
limestone to quartz sand. Although this is to be expected, it is worth
noting since such features could aid material identification.
C. ATMOSPHERIC ATTENUATION
1. General
The atmospheric constituents which contribute significantly to
attenuation of microwave radiation are oxygen, water vapor, and condensed
liquid water in the form of clouds and rain. Although ice crystals do
absorb microwaves, their effect is insignificant with respect to other
absorbers. Reviews of the properties of atmospheric absorbers may be
found in References (19) and (20).
Each absorbing species will be treated in a separate section. No
attempt will be made to give a definitive statement about the empirical
validity of the formulae used; it will be understood that the best
available expressions have been employed.
2. Oxygen Absorption
Microwave absorption by molecular oxygen is due principally to
the complex of lines centered at 60 GHz. There is also a single isolated
line at 118 GHz. The theory of oxygen absorption is best described in
the paper of Meeks and Lilley, Reference (21). Their formulae are
documented below.
The absorption coefficient for oxygen is given in db/km in the
expression:
162
=• 2.6742 x 105'""iv2? J4£<v-v-v * <;N odd
exp. - 2.0684 N(N db/km
where ,
pressure (mm Hg)
temperature ( K)
frequency (Hz)
N(2N * 3)
N * 1
(N + 1) (2N - 1)
N
N (2N
N(N
.MH| the van Vleck-Weisskopf line-shape factor is given by:
A A
f ( v , 2 2 2(v - v) + A (v * v) *1
 O 0
The oxygen l ine-width used in Equation (55) is given by
a
 1.95 x 10 .78S). Hz
(56)
where , the f ac to r ft is defined to be;
0.25
 : P > 267 nan Hg
0 .25 * .435(2.426 - log P): 19 < P < 267 mm Hg
0.75 : p < 19 on Hg
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The resonant frequencies v and v of the oxygen absorption
N+ N-
b.md arc listed in Reference (21). They range from 48.4 GHz to 71.1 Glli
in the main band, with the centroid about 60 GHz. A single isolated line
v e 118.75 GHz can be clearly distinguished from the main complex.
Figure 123 shows the frequency dependence of the oxygen absorption coef-
f ic ient at unity atmospheric pressure and a temperature of 290 K.
3. Water Vapor Absorption
Absorption of microwaves by atmospheric water vapor is due to th<
rota t ional fine-structure of the vibrational bands of H.O. The most
significant absorption lines of interest in this study are those at
22.2 GHz and 183.3 GHz. The line at 323.2 GHz, however, has also been
taken explicitly into account.
It is familiar to workers in microwave atmospheric absorption tha t
the theoretical formulations predict an antenuation coefficient too
low in the windows between the strong absorption lines. Generally this
discrepancy is ascribed to the incorrect use of the van-Vleck-Weisskopf
line shape (Equation (56))in the low frequency far-wings of the H.O
vibration-rotation bands above 200 GHz. The theoretical far-wing
desidual) contributions are then multiplied by a factor of 4 or 5 to
obtain agreement with experiment. This approach will be followed bfue.
For frequencies less than 60 GHz the Barrett and Chung (Reference
(22) formula is used:
2 fexp (
7?7 L—;-6 v' I —*-
 v
 -
6A2/
TV c 1-57xl° p
-24 I
f(v, v.,A.) + 7.07
 x 10 A, db/km (r?)
where,
p a water vapor density (g/m )
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frequency (Hz)
22.235 x 109 Hz
and the line width is
A a 2.62 x 10 1 +0.012 pTA
The line slope f is given in Bflfuafion (56).
For frequencies above pjf\jttz, the computational model used is
due to Gaut (Reference (23)). m)r. ,Gaut has also kindly provided copies
of his original FORTRAN subroutine for water vapor attenuation near 183
GHz. Fortm/la (2.3-21) of alter erenee (23) is rewritten below:
849
whe re,
300 3/,
GHz
The line^Baths are, in GHz, given by;
PT]
P
 J
500 0.619
0.0125 P J_] 0.300J
62 0.208 -
2 A^ (58)
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v = frequency (Hz)
v • ,22.235 x 109 Hz
and the line width is,
& * 2.62 x 109 L_! [nil o.«5 r760) 1 T I I 0.015 pT/J Hz
where, P • pressure (mm Hg).
The line slope, £, is given in Equation (56).
At frequencies above 100 GHz, the expression used for water vapor
absorption, was taken from Gaut
The expression in Reference 23 contains several misprints and is
missing a conversion factor. The correct expression is given below:
-2
5/2 978 exp
197.3\
«9e,P [-&]
2.65
-2
v 300
rr
0.5
(58)
Wliei e ,
v » frequency (GHz)
v, « 183.310 (GHz)
v * 323.758 (GHz)
The line widths, in GHz, are given by.
0.70
760
/300
0.619
0.0152
0.0157
P
760
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Calculations o£ YU n f°r a water vapor density of 7.5 g/m,
H2 o
at one atmosphere total pressure and 290 K, are plotted in Figure 123.
It can be seen that Equations (57) and (58) give rather smoothly join-
ing curves at 60 GHz. Because of the oxygen absorption peak there,
this join is actually unimportant.
4. Absorption from Condensed Water
The microwave attenuation from condensed water, in the form of
clouds and rain, is due to Mie scattering. The general properties of
such absorption are discussed in Reference (24); the two cases will be
tteated separately here.
(a) Clouds
For most clouds the attenuation is proportional to the total
amount of condensed water per unit volume. From Equation (40) of
Reference (24), the following expression is taken:
Ycl " 4-0«T c l . (59)/
where ,
Y • cloud attenuation coefficient (db/kra)
c 1
M e total cloud water content
A. =» wavelength (cm)
and ,
6K" (60)
(K« + 2)2 + (K")2
167
k* + jk" • complex dielectric permittivity of liquid water.
Since the dielectric properties of water depend on frequency and
temperature, the parameter c varies with \ and T. For computation
purposes, the variations discussed in Section V - A were used, rather
than the approach followed in Reference (24).
Figure 124 shows the variation of attenuation coefficient with
frequency for a cloud of 0.32 g/m water content at T ° 290°K. It
is apparent that clouds become seriously opaque above 200 GHz.
(b) Rain
Since rain droplets are large enough to act as Mie scatterers,
simple analytical expression such as Equation (59) is not possible
in their case. Rather it is necessary to rely on computed values. The
calculations in Reference (24) are used as the basis of a computer
subroutine which calculates attenuation as a function of rain rate,
frequency and temperature.
Values of attenuation coefficient Y for rain are obtained by
interpolation. First, tabular entries for different rain rate R are
interpolated in frequency using logarithmic three-point interpolation:
log > « a - b log X + c (log X.)2, (61)
where,
X » wavelength (cm).
For wavelengths shorter than 0.3 cm, the linear term only in Equa-
tion (61) is used, thus extrapolating to higher frequencies. Figure
124 shows the results of interpolation in wavelength at one rain rate
(0.25 mm/hour).
, Second, the dependence on rain rate is obtained by two-point
logorithmic interpolation:
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log Y » A + BR (62)
where,
R »" rain rate (nun/hour).
For R < '0/01 nun / hour, Y is assumed to be zero.
i
Third, the temperature dependence is incorporated by inter-
polating the factor cp in Table 8,17 Reference (24). Linear inter-
polation is used in the following order: frequency, rain rate,
temperature'.i Thus, the final attenuation is given by:
Y(T) = cp(T) Y(T
where,
T = 293 K .
o
5. Total Attenuation
The total atmospheric attenuation at any altitude,z, is due to
the separate absorptions of oxygen, water vapor and liquid water
content; similarly the attenuation coefficient is decomposed as
f'ollws:
9
If Y is given in db/km, the attenuation coefficient in nepers/km
(or km ) i's found to be
0.23 Y(z,f) (63)
whe re ,
z a altitude (km)
f "«» .'frequency (GHz)
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In order to compute the total attenuation in nepers, the geo-
metrical factors must be considered. For a raV originating at the
surface, z « 0, at zenith angle cp, and extending to altitude z * h,
the spherical geometry, shown in Figure 125, gives the following path
length:
I (cos cps(h,cp) = |(c s p R )2 + h(2R + h) I * - R coscp (64)
c 6 1 6
where ,
R 3 ifgdius of the earth B 6345 km
e ^^
By differentiating in Equation (64), one obtains,
ds l * h/Re
- (65)
[cos2 9 (2
In performing the numerical quadrature for the total attenuation
in Stieltjes form,
a (9) * J <*(z) ds(z.cp) (66)t o
where ,
H * effective height of stratosphere
S '
It is possible to use the tranform to the Riemann intergral
 f
* Ja (<p) ff(z) dz,t o dz
fo l lowed by the substitution in Equation (65) into Simpson's rule
applied to equal height intervals. However, for angles near 90 ,
where cos cp is very small, the integrated form (Equation (64)) is
useful. Thus, for the f irst interval, the approximation
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Figure 125 - Spherical Geometry for Calculating Path Length
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J l a(z) ds(z,cp) * |f *(o) +
is valid.
The transmission factor, or transmittance, is found from the
total attenuation in nepers by the relation,
t(<p) • exp -a
6. Analytical Model
In order to represent the total attenuation at any angle tp,
in terms of the total zenith attenuation a (0) , it is necessary to
develop an analytical model. For this purpose it was decided to employ
the exponential model for attenuation coefficient:
o/(z) » Qf(0) exp (-z/Hg) (68)
where,
H « an effective scale height.
Since the altitude, z, need not exceed 50 km for purposes of this
study, the quadrature term under the radical in Equation (65) can
be neglected. Thus, the model involves the quadrature,
00 ,
f r 2 r*J(cp,H /R ) » J cos cp + 2z/R exp(-z/H ) dz/H (69)
C C O L J € G
For cp » 90 , the integral in Equation (69) is exact:
WO'.
 VRe> - 2
For arbitrary 9, the general result
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J(cp, H /R ) • fcos2 cp + 2£ H /R
C 6 I c G
holds, where, £ in general depends on cp and H /R . In order to give
t» e e
exact results for cp * 90 , the value of J has been chosen as 1/rr.
This choice results in an over-estimate of a. (cp) for cp less than 90°.
The analytical model then is summarized in the expression:
Of(o) H
(70)
cos cp * 2H (TO )
L C c J
Equation (70) was solved for H and values were computed for integrated
values of a (9). For purposes of modelling, values of H at cp « 80°
t 6
were generally chosen. This tended to minimize the errors in total
attenuation.
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' D. RADIATIVE TRANSFER EQUATION
The thermal radiation emitted from the atmosphere may be calcu-
lated from the radiative transfer equation. In the microwave region,
the Rayleigh-Jeans approximation to the Planck function is valid;
hence, emitted power is-proportional to temperature. It is there-
fore possible to express the emitted power (radiance) in terms of the
I
equivalent black body, or brightness, temperature, as discussed in
Section IV. The transfer equation for microwave frequencies can
thus be written:
dT
-j-5 (6,z,f) a a(z,f) fT(z) - TB(e,z,f)j (71)
; where,
I
i 6 « nadir angle (Q > 90 indicates upward direction of the ray)
i
z » altitude above sea level
f » radiometer frequencyi
• i a » path length along r a y
T B brightness temperature seen at altitude z1
 B
1
 ' T ffl atmospheric temperature at altitude z
at o attenuation coefficient
If the nadir angle is restricted to be less than 90°, then it
becomes possible to consider separately the atmospheric radiation
received at the ground
<<P> • T (<p, 0, f) ' (72)
s o
.175
and the radiation received at the spacecraft from the atmosphere-alone
T" (9) - -TB (180 - co, H , f) , (73)S B 8
where,
H a height of spacecraft.
Equation (71) can be radily solved by introduction of the optical depth:
,cp) (74)f2. a (z,,z.) a Jz. o/(z) ds(z,<
cp \.. f. i
in which the element of path length ds (z,cp) is defined in Equation
(64). The solutions in Equations (72) and (?3) are separately given
by the Stieltjes integrals:
T* (9) » JHS T(z) d exp -a (0,8) (75)
T~ (9) - JQ T(z) d exp -a (z,Hs) (76)
Although numerical evaluation can be obtained in this form it is
preferable to integrate Equations (75) and (76) by parts, yielding
T* (9) • 'jT(o) - T(H ) exp |-a.(9)| + J S exp -a (o,z,) dT(z),I t J o [ 9 J
(77)
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T~ (cp)
S
T(H ) - T(o) exp
S
- J dT(z)
(78)
where, the total attenuation along the ray is given by,
at (cp) » V°."s: y(z) ds(z (79)
Since temperature, T(z), is approximately linear with a l t i tude,
it is sufficiently accurate to perform the numerical quadrature in
Equations (77) and (78) by using Simpson's rule. In the case of the
down-welling radiation, the approximation is,
i+l
hi
exp -4
exph(o,z) dT(z) 1 + exp|-a (h.,[ 9 i
exp -f - T(h
(80)
}
For up-welling radiation, it is necessary to use a different
approach because of inaccuracies which arise when the attenuation
becomes large. In this case the approximation is obtained from,
s
J
exp
exp dT(») -4 exp L (h^ H
i+l
fa (h. , z)l
[9 ^ \
dT (z) (81)
This form shows that the result in Equation (81) may be deter-
mined in a recursive manner from the formula:
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(82)
~i+l ' I cp i" i*i" J I i i J
where,
] * l *4 exp[w * h i + *h
1/6 T ( h ) - T(h.)
 (83)
Calculated sky brightness temperatures and atmospheric transmission
factors, at the frequencies selected for this study, are presented in Figures
126 - 143. Computer printouts, showing the atmospheric profiles and
tabulated values of attenuation, transmission factors and sky bright-
ness temperatures, are presented in Part III - Volume II of this
report. The differences between T (cp) and T~(cp) are readily apparent
S S
only at large attenuations (high brightness temperatures) in which
case the inequality
T* (cp) > T~ (cp)
s s
clearly can be seen to hold.
E. COMPUTATIONAL MODELS
As discussed above, it is convenient for computational purposes
to have an algebraic expression for sky brightness temperature which
contains only a few parameters. Two appropriate models are suggested
for incorporation into the data analysis programs. These models
are discussed below.
1. Isothermal Model (Secant Law)
The simplest model involves the assumption that the temperature
is constant:
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Figure 143 - Sky Brightness Temperature - T Up
(Summer Rain)
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T(z) • T
m
From Equations (,77) and (78), it immedately follows that:
T* (9) = T" (9) » T Jl - exp ("-a.(9)1 I (84)
s s m^\ I. t J f
Equation (84) is often called the "secant law" (Reference (25)r). Its
validity depends, on a relatively transparent atmosphere.
2. Constant Gradient-Model
For highly, attenuating atmospheres a second model is more accurate
than the secant,, law. In Equations (77) and' (78), the approximation
,T(H ) - T(o)l
dT(z) »i - = - i- ,da (o ,z) (85)
a
leads, to the following results:
T* (cp) » T(o) A., (9) - T(H.) A,(cp) (86)
S JL H &>
T" (9) » T(H ) A. (9) - T(o) A, (9) (87)
S S l 2
whe re,
2(9) - exp [-at(9)j - J-^J (l - exp [- t<«P>]V (88)
For very transparent atmospheres (a «-l) the constant'gradient
model gives the same result as the isothermal model with,
198
m
(T(o) * T(H
Since at the higher frequencies (140 and 220 GHz) significant
attenuations were calculated, it was decied to use the constant
gradient model to compute sky brightness temperatures routinely. The
parameter T(o) was taken to be the surface air temperature and T(H )
+ s
was determined separately for T- by solving Equations (86) and (87).
S
The resulting parameters were built into a FORTRAN subroutine.
F. MODEL ATMOSPHERES
I
In order to represent the variability of atmospheric attenuation,
six model atmospheres were chosen. Table VI lists the models and
their sources:
. TABLE VI
ATMOSPHERIC MODELS
ATMOSPHERE
U. S. Standard
45 January
60 N January*
45° N July
Cloudy U.S. Standard
Summer - Rain
CLIMATE
Mid-latitude
Spring-Fall
Mid-lat. Winter
Sub-arctic Winter
Mid-lat. Summer
Moderate Cloud
Light Summer Rain
(2 mm/hr)
SOURCE
Ref. (26)
Ref (27)
Ref. (27)
Ref, (27)
Ref. (28)
The symbol "N" should be read as "latitude north".
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The four clear atmospheres were taken from the tables of Sup-
plementry Atmospheres (Reference (27)) together with representative
humidity profiles. The January 60 N case was used only for snow and
ice studies and will not be further treated here. Temperature profiles
for the remaining five cases are shown in Figure 144. The summer rain
model was taken from Table 6-7 (Case I) in Reference (28) and extended
with the Standard Atmosphere.
Pressures were also taken from the sources indicated but are not
plotted here. Relative humidity for each atmosphere was taken from
Reference (27). The Standard Atmosphere was associated with the
July humidity profile; the combined model is then a rather wet
atmosphere. The absolute humidity, in grams per cubic meter, is shown
in Figure 145 for all models. For the Cloudy Standard atmosphere the
relative humidity was taken as 100% in the cloud. In the summer rain
model, the air was assumed saturated up to 8 km.
The cloud water content for the two cloudy atmospheres is also
plotted in Figure 145. For the cloudy model, the cloud water content
was assumed to be 0.1 g/ra between 1.5 and 3.0 km. For the summer
rain model, data was taken from Figure 6 - 11 of Reference (28) i.e«,
the 2 mra/hr case.
The precipitation model for summer rain was adapted from Figure
6 - 7 , Reference (28). The data marked "0.1 m/sec" was scaled to
give a surface rate of 2 mra/hr. The resulting rain rate, as a func-
tion of height, is shown in Figure 146.
G. THEORETICAL BRIGHTNESS TEMPERATURES OF SEA WATER AND FRESH WATER
The theoretical water emissivity data, represented by the plots
of Figures 61 -81, has been combined with theoretical sky brightness
temperarures, shown in Figures 126 - 143, to obtain sea water brightness
temperatures. Equation (28) was used in these calculations. Figures
147 - 176 show the results of the calculations at frequencies of 1
and 10 GHz. Separate plots are provided for each of five weather models,
at each frequency. In addition, for each weather model,
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Figure 146 - Rain Rate Distribution with Height (Summer Rain)
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Figure 148 - Brightness Temperatures of Sea Water (Std. Atmos., 1 GHz, 283 deg K)
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three surface temperatures were employed 273, 283, and 290 K. Thus,
a total o£ 15 plots were generated for each frequency. The large
quantity of data has made it necessary to place the plots for the
remaining frequencies, 17, 35, 94, 140, and 220 GHz - in Volume III
of this report.
The data at 1 GHz, shows very low sea water brightness temperatures,
for both polarizations, over the incidence angle range 0-60 degrees.
At 10 GHz, the combined effects of slightly higher emissiviti.es and
sky brightness temperature raises the sea water brightness temperature
fiom approximately 12 K to 26 K over the same range of angles, de-
pending on the particular weather model involved. Examination of the
remaining plots in Part II of Volume III reveals progressively in-
creasing brightness temperatures as a function of frequency, with
progressively less separation between vertical and horizontal com-
ponents of polarization. At 140 GHz, the brightness temperatures are
fairly close to the surface temperatures and negligible polarization
separation is evident for the mid-latitude summer weather model and
heavier weather models. At 220 GHz, the brightness temperatures are
equal to the surface temperatures and negligible polarization sepa-
ration is shown for all weather models.
The above frequency and weather model dependence of sea water
brightness temperatures can be readily understood if due consideration
is given to the frequency dependence of, both, the sea water emissivities
shown in Figures 61 - 81, and atmospheric effects shown in Figures 126 -
143.
Similar data has been plotted for fresh water and is presented in
its entirety in Part III of Volume III. Computer printouts, of sea
water and fresh water emissivities and brightness temperatures, are
presented in Parts IV and V,respectively, of Volume III. These tab-
ulations will, very likely, be useful for quantitative analysis of the
data.
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VI. STUDY RESULTS
The data compiled in Sections III, IV, and V, together with other
input data which was not reproduced in those sections, has been manipu-
lated to provide apparent or brightness temperatures as well as apparent
or brightness temperature contrasts, from the point of view of earth-
orbiting spacecraft radiometers. The procedure was somewhat complex and,
due to the large number of materials involved, required the generation of
a special computer program. A tabulation of the results, of this phase
of the project, is provided in Part I - Volume II of this report.
A. ORGANIZATION OF INPUT DATA
Bearing in mind the objective of the study, the empirical and theo-
rectical data was organized to permit proper computations of apparent or
brightness temperatures and contrasts. For purposes of the latter com-
putations, the input data was divided into two categories - target and
background - with most of the materials and phenomena falling into the
target category. Materials selected for backgrounds were considered to
be extended sources filling the radiometer antenna beamspot(s) in every
case. Target and background materials and phenomena were then paired in
a logical manner. The pairing was based, as much as possible, on typical
areal arrangements in the natural state; in addition, surface temperatures
were taken into consideration in the process. The input data was then
tabulated as follows:
1) Target Materials and Phenomena
Ndme of the material or phenomenon.
Source: a) Empirical data - report no., and figure or measure-
ment run no.
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b) Theorectical data - derived from dielectric permit-
tivities and calculated emissivities, and later com-
bined with sky brightness temperatures to provide
material brightness temperatures. Also referred to
as "calculated" data.
Frequency: Frequencies at which empirical data obtained, or theo-
retical data calculated.
Surface temperature: Surface temperatures recorded during actual
measurements or used in deriving theoretical
data.
Polarization: Polarization (horizontal or vertical) for which in-
put data is listed.
Incidence Angles; a) Solid materials - 0, 30, 45, 60, and 70
degrees.
b) Water - 0, 30, 45, 60, 70, and 80 degrees
Target classification: Specular or diffuse
Estimated target area: Based on consideration of areas normally
occupied by target materials in their
natural state.
Weather model: Atmospheric conditions to be taken into account
during computations. Target type and surface temp-
tures taken into account in selection of weather
models.
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2) Background Materials and Phenomena
These were tabulated in the same manner as the target materials,
with the exception that estimated areas were simply the antenna beamspot
areas, subtended at the surface by the radiometer antenna, from an alti
Lude of 200 nautical miles, as a function of antenna apertute, operating
frequency and antenna beam nadir angle.
B. ANTENNA APERTURES
Two antenna apertures were selected for use in the study; these
were based, partly, on consideration of tolerable maximum antenna diameters
for an earth-orbiting laboratory, represented by the Apollo Service Module
and partly on the state-of-the-art of unfurlable paraboloidal antennas.
Although the ultimate form of a radiometer antenna, for an Earth Resources
application, is an electronically scanned device, such antennao are not
realizable at frequencies above approximately 20 GHz. In addition, the
cost advantages of paraboloidal antennas could prompt their employment
in the feasibility phases of Earth Resources experiments. For these
reasons, paraboloidal antennas are considered to be a realistic choice
Cor this study.
The selected antenna apertuies are listed below.-
Operating Frequency Antenna Aperture
Diameter
Remarks
1, 10 and 17 GHz
35, 94, 140, and 220 GHz
25 feet
5 feet
Unfurlable paraboloid
Fixed paraboloid
Appendix B provides state-of-the-art information on deployable
paraboloidal antennas.
Appendix C shows the broadening effect of wideband operation on
the niain lobe of a parabolic antenna. Both coherent and incoherent
237
(noise type) generators were used in these pattern measurements. The
latter was a broad-band source.
C. DATA PREPARATION
The emissivities of all materials were derived either from
measured apparent or brightness temperatures, or calculated from
dielectric permittivities. In the case of empirical data, measured
apparent sky temperatures were taken into account in accordance with
the requirements of Equations (30) and (31).
It was necessary to employ a special technique for deriving
emissivities of materials covered in Reference (4), see Table II.
The reason for this was that apparent sky temperatures were measured,
in that project, only at 27 degrees off the zenith. It was, there-
fore, necessary to extrapolate values, from the measured value, toward
both the zenith and horizon. This was accomplished by selecting a sky
brightness temperature curve, from the T , plots (Figures 126-143),
scp down
which included, or was very close to, the measured value. The required
curves were selected regardless of frequency or weather model. This
is a very useful technique for cases involving incomplete sky tempera-
ture data. Its validity is based on the fact that the shape of a
given sky brightness temperature curve depends only on the zenith sky
(29)temperature at which the curve begins . The zenith sky temperature,
of course, depends on both frequency and weather model. Since the
weather models represented in Figures 126-143, reflect a comparatively
narrow range of zenith sky temperatures, at 13.4 and 37 GHz, the use of
sky brightness temperature values at other frequencies artificially
(but correctly) results in a much broader range of useful data.
During the selection of empirical data, special attention was
given to data consistency. For example, if several measurement runs
were available for a given material, all of them were examined and a
typical run selected for further application in the study.
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Finally, measured zenith apparent sky temperatures were
examined to provide an indication of the accuracy of material apparent
temperatures. The purpose of this procedure was to check the absolute
calibrations of the radiometers employed in the measurements. This proves
to be a particularly powerful technique if the sky was clear at the time
of measurement and if air temperature, humidity and pressure were recorded.
If this information is available, a comparison of measured zenith appa-
rent sky temperatures, with calculated sky brightness temperatures, can
furn i sh at least a rough indication of the accuracy of surface apparent
temperatures.
D. COMPUTATIONAL PROCEDURE
The apparent or brightness temperatures presented in Part I -
Volume II were computed by means of Equations (28) and (29) for specular
and d i f fuse materials, respectively. Following this, the apparent or
brightness temperature contrasts were computed by means of the relation,
t
ATD(cp) = [Tn (Target) (cp) - T (Background) (cp)"] A (CD), (89)B B o r
where ,
A (^(0 = area factor i.e., the ratio of the target area to the
background area (antenna beamspot), as a function of
incidence angle.
Since the standard frequencies selected for the study were 1, 10,
17, 35, 94, 140 and .220 GHz, and since sky brightness temperatures were
computed at only these frequencies, it was necessary to assign standard
frequency equivalents to frequencies used in ground-based measurements,
for computations involving atmospheric e f fec t s and antenna beamspot
areas. A Ivst o£ corresponding frequencies is given in Table VII.
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TABLE VII
CORRESPONDING FRQUENCIES
Ground - Based
Measurements Frequency
(GHz)
9.5
13.4
16.5
37
Standard
Equivalent
(GHz)
10
10
17
35
E. ARRANGEMENT OF RESULTS
As mentioned earlier, the results of the apparent temperature,
brightness temperature and contrast calculations are presented in Part I -
Volume II. The data applies to a radiometer altitude of 200 nautical
miles. All information concerning a given pair of target and background
materials is presented in a set of three pages as follows:
First page (upper portion) - target data for vertical polarization.
First page (lower portion) - background data for vertical polar-
ization.
Second page (upper portion) - target data for horizontal polar-
ization.
Second page(lower portion) - background data for horizontal
polarization.
Third page - apparent or brightness temperatures listed first
for target (vertical polarization) and next for
background (vertical polarization), for a
weather model. This is repeated for horizontal
polarization. The apparent or brightness temper-
ature contrasts show a minus sign it the
background apparent or brightness temper-
ature is larger than that of the target, in
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accordance with Equation (89). This is of no par-
ticular significance since the absolute magnitude
of the contrast is of first importance. The listed
contrasts are, of course, between a target and its
background for a given polarization. A similar set
of data is given for each additional weather model.
The above sequence is repeated, for a given pair of target and back-
ground materials, for each additional frequency. In some cases, an addi-
tional set of basic empirical data was incorporated for a given pair of
materials, to provide an indication of the effect of input data vari-
ations, or to accomodate additional weather models. In this event, all
of the foregoing sequence is repeated. An example of this procedure is
given in the f irst four sets of tabulations, in which input data for
Silt Loam was incorporated from two separate sets of plots and a July
weather model was added.
Throughout the tabulated results, information which is based on
brightness or apparent temperatures is labelled as such, respectively.
All information derived from theorectical data is labelled "brightness
temperature contrast", and "brightness temperature", as appropriate.
It should be pointed out that the terms "calculated" and "theore-
tical" are used interchangeably throughout the tabulated results. The
correct term is, of course, "theoretical". Time did not permit
re-running of the computer printouts to incorporate this element of
uniformity.
F. TEMPERATURE SENSITIVITIES OF RADIOMETERS
A survey of radiometer RF components was performed to permit cal-
culations of state-of-the-art radiometer temperature sensitivities.
These are required to^determine the detectabilities of the target versus
'i
background contrasts listed in Part I - Volume II.
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It is customary to define the minimum detectable temperature
sensitivity, AT, in terras of a unit signal-to-noise power ratio at
the output of a radiometer; the "noise" being defined as the rms f luc tu-
ations at the output of a radiometer when the input is terminated in its
characteristic impedance. The minimum detectable temperature sensitivity
is usuaal ly expressed in the form,
k [ (PL - 1) To + T ]
'K rms (90)
where,
k is a constant whose magnitude depends on the type of waveform
employed for input signal "chopping". In a switched (Dicke-type) (30)
radiometer, a value of k » 2 is often used when a radiometer is
chopped with a 50%-duty-cycle square wave.
F is the effective receiver noise figure
L is the loss due to resistive elements preceding the first ampli-
fication (or mixer) stage.
T is the ambient temperature of the radiometer input components,
usually taken as 290°K.
T is the average apparent temperature seen by the radiometer antenna
O ^^"^«^™^«^Bfc^
and may be taken to be 250°K.
B is the 3 - db (effective) bandwidth of the radiometer, prior to
detection, Hz.
T is the radiometer output integration interval, seconds.
The state-of-the-art temperature sensitivities of radiometers, oper-
ating at the selected seven frequencies, are given in Table VIII. An
interesting survey of existing microwave radiometers, together with their
sensitivities, is given in Reference (31).
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The AT values, shown in the final column of Table VIII reflect
the fol lowing expression:
AT = — , °K rms
 (91)
where ,
N is the quantity listed in the final column and represents the value
of Equation (90) when T a I second.
The above equation may also be expressed as follows:
AT » N */b , °K rms (92)
whe re,
b is the radiometer output information rate, Hz.
In practice, the radiometer integration interval is set to accomodate
the maximum anticipated information rate, which may be viewed as the
maximum beamspot rate, per second, during normal operation. For pur-
poses of this study, the beamspot rate will be based on a line scan,
generated by a fixed antenna beam, lying within the spacecraft orbital
plane. Thus,
b = ~- , Hz (93)
where ,
V is the antenna beamspot ground velocity, feet per second
X is the double major axis of the ellipse subtended by the antenna
beam, feet. At vertical incidence, X equals the diameter of the
subtended circle.
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At an altitude of 200 nm, the antenna beamspot velocity will 'be taken
to be, 24,000 feet per second (3.96 nm per second) for a rotating
earth. The resultant beamspot rates, b, are listed in Table IX,
together with the applicable radiometer temperature sensitivities.
It will be noted tha t , with the exception of values for 94, 140,
and 2 2 0 ' G H z , the maximum beamspot rates are quite low and hence, the
spacecraft radiometer AT's are also low. The poorer AT's at the three
highest frequencies are due, partly, to their higher beamspot rates which,
in turn, are attributable to the small beamspot diameter at those
frequencies. A trade-off would ordinarily be performed , to optimize
radiometer sensitivity by allowing some smearing of small beam areas
i.e., increasing the integration interval.
t
G. EFFECTS OF OCEAN ROUGHNESS
An analysis of measured-radiometric data, taken at 16.5 GHz, was
performed to determine if a correlation exists between rough ocean
surfaces and apparent temperatures. The results of the analysis are
shown in Figures 177 and 178, for horizontal and vertical polarizations
respectively. The basic data presented in these plots was obtained dur-
ing the course of measurements described in Reference' (1) and was
grouped as follows:
Calm seas - wave heights from zero to 2 feet. Light wind.
Rough seasg- wave heights of 4 to 5 feet. Wind 10-30 mph.
Referring to Figure 177, at an antenna beam nadir angle- of 20 degrees
the mean increase in apparent temperatures from calm to rough seas is
16 degrees Kelvin. At a nadir angle of 65 degrees, the mean increase
is 13,5 degreesaKelvin. These increases are much greater than the
associated variations in surface temperatures (the mean values of these
are, in any case, opposite in sign). Thus, the apparent temperature
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TABLE IX
SPACECRAFT RADIOMETER TEMPERATURE SENSITIVITIES
Operating
Frequency
(GHz)
1
10
17
35
94
140
220
Antenna Beamspot
Diameter at Ver-
tical Incidence
(nm)
9.65
0.97
0.57
1.38
0.52
0.35
0.22
Maximum Beam-
spot Rate, b
(Hz)
0.41
4.10
6.95
2.87
7.62
11.30
18.00
Radiometer
AT*
(°K)
0.05
0.16
0.24
0.12
2.48
3.70
16.50
* Based on Equation (92) , with N equal to figures given in final
column of Table VIII and b as given above.
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increases are most likely due to surface effects. These results tend
to agree with the theoretical analysis of Stogryn (Reference (32)
Figure 3) except that the increase at a nadir angle of 20 degrees is
much greater than that predicted xn his paper (approximately 3 degrees
Kelvin).
The vertically polarized data of Figure 178 is not quite as conclu-
sive as that described above, probably partly due to the smaller num-
ber of samples at each nadir angle. In addition, at an antenna nadir
angle of 80 degrees, there appears to be a reversal of mean calm relative
to mean rough apparent temperatures in that the former are approximately
7 degrees Kelvin higher. This is opposite to the effect observed at a
nadir angle of 65 degrees for horizontal polarization. However, this
effect is in agreement with Stogryn's analysis (Reference (32) Figure
4). Final ly, at a nadir angle of 20 degrees, the effects are similar
to those shown for horizontal polarization in that the mean rough appa-
rent temperatures are higher than the mean calm (by 12 degreess Kelvin).
Here again there is agreement between Stogryn's analytical results and
the empirically derived data, except that the empirical results show
a somewhat greater difference between rough and calm seas.
Considering the small difference in sea water specular emissivities
for horizontal and vertical polarizations at a nadir angle of 20 degrees,
at this frequency (see Figure 69), the effects of ocean roughness should
be almost identical at both polarizations. This is, in fact , the case
in both the empirical and analytical data.
The effect of froth on the surface, under rough sea conditions,
has not been segregated in the above analysis. If it is assumed that
f r o t h is a black body radiator, i.e., e = 1, some interesting results
can be obtained by calculation. Consider the following conditions:
Frequency: 10 GHz
Surface temperature: 283 °K
Angle of incidence: 60 degrees
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Specular (uncovered)
sea water emissivities: e. ° 0.215^
, n «oc r Flg^e 65
e a U.O£3 ^
Sky brightness temperature
at zenith angle of 60 degrees: 6.6 °K (clear sky,
July A5N model.)
For the above conditions we have the following results:
T ( f roth) a eT = 1 x 283 « 283 °KBt
TBh(sea water) - e^T + (1 - e^) T^
a (0.215 x 283) •*•(!- 0.215) 6.6 = 66.2°K
Similarly, T (sea water) a 179 °K.
ov
If, now, the froth is assumed'to cover 5% of the surface, the total
effect may be calculated from the relation:
A
T_. (total) a T + — (T_. - T ) , K (94)Bh Bh A Bf Bh
where,
o
T is the horizontally polarized brightness temperature, KBh
A is the area occupied by the froth
A is the total area occupied by the froth and uncovered sea water
and,
T is the froth brightness temperature
Bf *
A similar expression applies to vertical polarization.
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The total effect is as follows:
T (total), a 66.2 + 7^- (283 - 66.2), = - 77 °K
on J.UU
Similarly, T- (total,) = 184 °K.
From the above, it can be seen that when froth covers. 5% of the surface
the horizontally, polarized brightness temperature- increases by. approx-
imately 11 K while the^  vertically polarized brightness temperature
o "
increases by only,5 K. These results show a trend similar to that dis-
played in, Figures 177 and 178, .respectively. Thus, it appears that the
effects of froth should be segregated, if possible, in a_ny analysis
of the effects of* ocean, roughness on apparent temperatures.
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VII* DATA ANALYSIS
;
1
As stated in Section II, the feasLbility of detecting a given
material or phenomenon will be based on whether the contrasting
apparent or brightness temperature of a given material or phenomenon,
with respect to its background, exceeds the radiometer temperature
sensitivity by a factor of five (5). Table IX presented radiometer
sensitivities, at the selected frequencies,as a function of antenna
beamspot rate. The factor of five (5) will now be applied to the
listed 'iiT's for use as a reference signal level in this analysis.
Table X shows the results:
TABLE X
REFERENCE SIGNAL LEVEL
Operating
Frequency
(GHz)
1
10
17
35
94
140
220
Reference
Signal Level
( K rms)
0.3
0.8
1.2
0.6
12.4
18.5
82.5
A. DETECTAB1L1TY OF MATERIALS AND PHENOMENA
The tabulated data, shown in Part I - Volume II has been reviewed
to determine the apparent or brightness temperature contrasts that
were equal to or greater than the above-listed reference signal levels,
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Contrasts satisfying this criterion have been circled for convenient
reference. Based on the circled values, the results have been sum-
marized for ready reference in Table XI. However, since the range of
nadir angles, over which detectability is feasible, varies considerably
between pairs of materials and phenomena, for simplicity the results
in Table XI imply detectability over a nadir angle range of only 0
to 30 degrees. Nevertheless, reference to the tabulations in Volume
II will show that, in many cases, contrasts are detectable over a
much greater range of angles.
In Table XI. the codes used for weather model designation are
as listed below:
Model Designation
U. S. Standard 1
January (Winter) _
July (summer) 3
Summer rain (2 rnrn/hr) 4
Cloudy standard 5
The absence of entries in various frequency columns in the Table
indicates that source data was not available for use at those frequencies,
It is clear that, with the exception of some theoretical data,
most of the available information lies in the frequency range 9.5 to
37 GHz. Within this group of frequencies there are 33 pairs of mat-
erials or phenomena which are detectable. Obviously, many more pairs
could be listed if all possible combinations and permutations were
taken into account. However, it is felt that the selected pairs are
reasonable and sufficently representative for purposes of this study.
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The contrast tabulations in Volume II show very limited utility
for the three highest frequencies - 94, 140 and 220 GHz - for
this application. In most cases, the contrasts fall below the refe-
rence signal level even in clear weather conditions. It is very likely
that water-land and water-snow boundaries can be readily detected at
94 and 140 GHz in, at least, clear weather; unfortunately sufficient
source data was not available at these frequencies to bear this out.
B. EFFECTS OF WEATHER AND LARGE NADIR ANGLES
The effects of. heavier weather conditions are readily apparent,
at frequencies above 17 GHz, from the fact that marginal contrasts
quickly fall below the reference signal level at larger nadir angles,
in the presence of cloud or rain. In other words long path lengths,
associated with large nadir angles, result in markedly reduced con-
trasts in heavier weather. This effect becomes more pronounced at 37
GHz and above, (see sandy loam versus weed-covered sandy loam, and
wet beach sand versus sea water at 37 GHz; also, fresh water (ocean
areas) versus sea water, and sea water versus sea water at 17 and 35
GHz).
Apart from weather effects, detectability at large nadir angles
is limited by the excessively large beamspot areas at such angles.
The beamspot area varies inversely as the cosine cubed of the nadir
angle. Thus, a small target area becomes rapidly "washed out" by the
background at angles beyond about 40 degrees. This is evident from
the beamspot factors shown in Table XII below:
TABLE XII
BEAMSPOT AREA FACTOR VERSUS NADIR ANGLE
Nadir Angle
q> (Deg.)
0
30
40
Cos cp
1.000
0.866
0.766
Cos CO
1.00
0.65
0.45
Area Factor
1 0
1.5
2.2
(continued)
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TABLE XII (continued)
Nadir Angle
cp (Deg.)
50
60
70
80
Cos cp
0.643
0.500
0.342
0.174
Cos <P
.0.27
0.13
0.04
0.005
Area Factor
3.7
7.7
25
200
Considering both weather and angle effects it appears that, for
improved detectability of marginal boundaries between materials or
phenomena in a range of weather conditions, spacecraft radiometers
should operate at frequencies at or below approximately 17 GHz and
should scan over moderate nadir angles of * 45 degrees maximum. If
larger scan angles are required, the accompanying reduction in target
detectability should, if possible, be compensated for by a larger
antenna aperture.
C. POLARIZATION EFFECTS
Referring to Part I - Volume II, contrasts are generally larger
for the horizontal component of polarization. There are a few excep-
tions to this, notably limestone and black pumice versus weed-covered
sandy loam, and dry snow and ice versus snow covered stoney loam.
An occasional frequency dependence, in this area, forbids broad
generalizations. For example, wet snow versus bare stoney loam
shows generally higher contrasts for horizontal polarizations, at
13.4 GHz, than wet snow versus bare stoney loam. At 37 GHz the re-
verse is true. From the above it appears that, if only one polari-
zation can be accommodated by a"given radiometer antenna, the preferred
one for this application should be horizontal polarization.
D. DETECTABILITY OF SURFACE TEMPERATURE VARIATIONS
The temperature dependence of apparent or brightness temperature
contrasts is well illustrated by the following combinations:
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1) Silt loam vs. weed-covered sandy loam
2) Fresh water (rivers) vs. weed-covered sandy loam
3) Fresh water (sources in ocean areas) vs. sea water
4) Sea water vs. sea water
5) Myers clay vs. Myers clay
In the case of silt loam, a reduction of 4.7 K in surface temperature
results in increased contrasts, as anticipated. The effect is some -
what variable with angle at both 13.4 and 37 GHz. This is due to
variations of the beam-filling factor with angle. Thus, it is best
to restrict considerations of temperature dependence to vertical inci-
dence. Under these conditions, contrasts at 13.4 GHz increase from
5 °K to 14 K, depending on polarization. At 35 GHz, the increases
are from 20 K to 23 K. The large increases, in excess of the basic
4.7 K shift, are due to variations in the source apparent temper-
atures.
In the case of fresh water (rivers) versus weed-covered sandy
loam, a deliberate reduction of 7 K in water temperature resulted
in a contrast increase of only 2 °K at vertical incidence, at 10 GHz.
At 35 GHz, there was a 1 °K reduction in contrast, under both weather
conditions. The latter is contrary to expectations and, due to the
small magnitude of the shift (from the 10 GHz value) is probably
attributable to computational errors.
The ability to detect fresh water sources in ocean areas is
interesting since ocean springs can serve as fresh water supplies in
arid lands. It was assumed here that the spring water is 17 K warmer
than the surrounding sea water; the reverse could, of course, be
true. A small half-square-mile area can be barely detected at 10 GHz.
However, at 17 GHz, a contrast of approximately 2 K is available.
This improvement over 10 GHz is due to superior spatial resolution
at this frequency. It should be noted that detectability is best
at vertical incidence. In addition, the results imply a cairn water
surface since theoretical fresh water emissivities were used in the
computations.
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Considerable interest has been shown in remote measurement of
sea surface temperature and its variations, in the presence of ad-
verse weather conditions. For this reason, a comparison of sea water
at 290 °K and 273 °K was performed. The resultant brightness temp-
erature contrasts are shown for all seven frequencies; in each case
they are larger for the vertical component of polarization. The lar-
gest contrasts are at 1 GHz, at which frequency the effects of cloud
and rain are negligible. This is due more to a direct temperature
effect rather than the temperature dependence of emissivity which
is relatively small (see Figures 61 and 63). Although the contrasts
are almost as large at 10 GHz, there is'a slight weather dependence
at this frequency. At 17 GHz the relatively small contrasts are
mainly at vertical polarization and weather effects are somewhat
more pronounced. Similar comments apply to 35 GHz. Finally, at
i
94, 140 and 220 GHz, all contrasts are below the reference signal
level. An interesting effect is evident in the above data at
vertical polarization - the contrast values increase with nadir angle
until a maximum is reached at cp * 80 degrees. The reason for this
may be seen in Figures 64 and 66, 67 and 69; and 70 and 72, wherein
the emissivities at the Brewster Angle increase markedly with temper-
ature.
Temperature variations in soils can be readily detected at 13.4
and 37 GHz, as is shown in the Myers Clay tabulations. A surface
temperature shift of 29 K results in contrasts of the same order
at both frequencies, in the presence of cloudy weather. This is
probably due to the high emissivities exhibited by Myers Clay.
E. OTHER DATA FEATURES
•
1. Icebergs
The detectability of icebergs has been proven in practice under
the U. S. Coast Guard/Sperry program. Table IV provided a descrip-
tion of the airborne radiometer used in iceberg detection and certain
other investigations. A summary of iceberg detection results is given
in Appendix D.
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The tabulations in Volume II show relatively large contrasts
between icebergs of reasonable size and sea water at 13.4/17 GHz
and through cloud. At 37/35 GHz, the contrasts are reduced by
approximately a factor of 10, over a nadir angle range 0-45 degrees.
Most of this reduction is due to spatial resolutions effects - the
vertical incidence beamspot area being six times larger at the highei
frequency (see Section VI - B, ANTENNA APERTURES). The remainder o£
the reduction is due to the slightly lower emissivity of ice at 37
GHz than at 13.4 GHz.
2. Snow
It was anticipated that the peculiar character of the 37 GHz
source data, shown in Figures 30 and 31, would provide some inter-
esting results. This happens to be the case since, at 37 GHz, small
variations in the free water content of snow produce large changes
in measured apparent temperatures. This is evident from an examin-
ation of Figures 33 - 36.
In the case of dry snow, the contrasts with the stoney loam
background are moderate (1 - 14 K) at 13.6 GHz and quite large
(53 - 125 °K) at 37 GHz. The latter is due to the much lower appa-
rent temperatures at 37 JHz for dry snow, as shown in Figure 30.
For wet (moist) snow, the contrasts at 13.4 and 37 GHz are
similar, with the latter frequency showing slightly lower values. 'Jhe
similarity of contrasts at the two frequencies is due to the similarity
of the measured apparent temperatures, as shown in Figure 31.
It should be noted that a reversal exists in the relative mag-
nitude of dry and wet snow apparent temperatures at 37 GHz, compared
with those for dry and wet soil. The apparent temperatures for dry
snow ate quitja low whereas those for dry soil are relatively high
(see Figures 30 and 25, respectively). The opposite is true for wet
snow and wet playa, as shown in Figures 31 and 26, respectively. The
low apparent temperatures for wet soils can be readily explained
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when one considers the characteristically low apparent temperatures
of water. Unfortunately, a ready explanation of the dry snow apparent
temperatures, at 37 GHz, is not available.
j
3. Soils
Some soil characteristics were discussed above in connection
with radiometric properties of snow. The tabulated results on dry
and wet playa sediments are worthy of note due to the much larger
contrasts existing between wet playa and weed-covered sandy loam
than between dry playa and the same background. The approximate
contrast magnitudes are listed in Table XIII .
TABLE XIII
CONTRAST MAGNITUDES OF PLAYA SEDIMENTS
Material
i
Dry Playa Sediments
Wet Playa Sediments
Contrast Range*
13.4 GHz
1 - 23 °K
2 - 98 °K
37 GHz
2 - 19 °K
2 - 56 °K
* Includes both polarizations and both clear sky and cloud conditions.
The sizable contrast improvement from dry to wet playa indicates that
microwave radiometers should be quite useful in mapping soil moisture
distribution1, particularly when a multi-grey-level or color-coded
display is employed.
4. Forest Fires
Figure 37 shows the measured apparent temperature data used in
computing the detectability of forest fires against a forest back-
ground. The mean apparent temperatures recored at 19.35 GHz were
350 °K and 288 °K, respectively i.e., an increase of 62 °K was shown
by the f i re and burnt area relative to the surrounding forest. It
w i l l be t eca l l ed that these values represent averages of both polar-
izat ions, as indicated in Figure 37. If the vertically polarized
data had been used alone, the basic contrast would have been
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appioximaiely 6 K higher.
The computations show that a relatively small fire can be
detected through cloud from spacecraft altitude. A contrast of
approximately 6 K exists under these conditions.
F. MATERIAL IDENTIFICATION AND WATER SURFACE TEMPERATURE MEASUREMENT
Three basic methods appear to be available for material indenti-
fication by radiometric means;
1) Comparison of inferred dielectric constants with a library
of such information.
2) Comparison of inferred emissivities with those available
in a reference file of eraissivities,and
5) Correlation of spectral apparent temperature data with imaging
information.
1. Method (1) - Specular Materials
One of the procedures required for Item (1) is described below
for specular materials . Some uncertainty prevails, at present,
on the degree of success that can be achieved in determining the
dielectric constants of rough-surfaced materials.
It is apparent from Equations (49) and (50) that, at a given
incidence angle, it should be possible to infer the dielectric constant
ot a homogeneous material, if the emissivity is known. Thus, the
teasibiltty of determining the dielectric constant of a specular
mate rial is dependent on a measurement technique capable of furnishing
accurate values of brightness temperature and, hence, emissivity.
Such a technique is described below.
Consider a dual radiometer arrangement as shown in Figure 179.
The forward-viewing radiometer is capable of measuring the surface
a| patent temperature, T , essentially simultaneously for both horizon-
A
(al and vertical polarizations. Thus, it provides readings of T (cp,h)
t\
atui I (.v).
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DIRECTION OF MOVEMENT
VERTICAL -
VIEWING
RADIOMETER
FORWARD *
VIEWING
RADIOMETER VERTICAL - VIEWING
_^ ,- RADIOMETER
/'TVY (» SECONDS AFTER
fl
M
I 1
READING WITH
FORWARD-VIEWING
RADIOMETER)
AND
TAn,t SECONDS LATER
Figure 179 - Radiometer Viewing Geometry for Derivation ,of
Dielectric Permittivity and Measurement of Ocean
Surface Temperature.
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The vertical-viewing radiometer measures T , at a single
A
polarization, at the same spot on the surface a short period of
time later. Thus, it provides a reading T
An
Now, if an operating frequency is selected so that the effects
of apparent sky temperature are negligible, the forward-viewing
radiometer receives the following apparent temperatures at some
incidence angle cp:
TAh * EhT <95>
and
TAv - evT (96)
The vertical reading provides,
TAn - 6nT (97)
or
T a p
Ah 6h
T - TAn/cn (98)
Substituting Equation (98) in Equation (95)
*-]
Similarly, substituting Equation (98) in Equation (96).
r <100>
n l
Dividing Equations (99) and (100) throughout by T
T e
B^ ; ~ • f,(e', e") (101)
TAn eh l
266
and
~ = — o f (e'.e") (102)
T
*
 e
 "An n
where e' and e" are the real and imaginary parts of the dielectric.,
constant of the material.
It may be necessary to convert the three apparent temperatures
to brightness temperatures. Apart from this correction, the real
and imaginary parts can be inferred from simultaneous solution of
Equations (101) and (102). It should be pointed out that, in situ-
ations where the imaginary part, e", of the dielectric constant is
expected to be very small, compared with the real part e', the solution
of two simultaneous equations can be avoided. This would apply to
a broad range of terrestrial materials which are relatively free of
moisture. Examples of such materials are listed below:
Mater ia l
Quartz sand
Salines
Limestone
e1
2.88
4.75
8.63
e"
0.034
0.049
0.158
e /e %
1.2
1.0
1.8
As shown in the final column, the percentage ratio of e"/e'
is probably sufficiently small to eliminate the need for consideration
of e" for dry materials.
A modified version of the technique described above may be applied
/ *""to the derivation of water surface temperatures from apparent temper-
a tures . Consider liquations (M5) and (96) and the following-development:
T e T e f 2 2]Ah
 g h o _h a a [(e* cos cp + a) + (e" cos cp + b) J
TAv . EvT ev [(cos cp + a)2 + b2] [a e' + b e" 1
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where, the parameters a_ and I) are as defined in Equations (51) and
(52).
The parameter b (or a, if preferred) can be calculated from
prior knowledge of the dielectric permittivity of water, for a par-
ticular range of incidence angles cp. Thus, a is the remaining
unknown and can be derived semi-empirically through solution of the
above equation. The apparent water emissivity may then be calculated,
for the desired polarization, by means of Equation (53) or (54).
Finally, the water surface temperature may be derived from an inversion
of either Equation (95) or (96). It shoi'ld be stressed that this
technique implies a specular water surface, although some roughness
may be accommodated by the semi-empirical derivation for a. Satis-
factory corrections for various degrees of water surface roughness
can, very likely, be developed in the course of suitable ground-based
measurements.
The problem of inferring dielectric properties of rough sur-
faces is considerably more complicated than the corresponding pro-
blem for specular reflectors. The use of empirical scattering
models is not suitable for the inference of dielectric properties
since there is no separation of material emissivities and roughness
effects. One must turn then to more specific theoretical models for
the reflecting surface.
(34)Peake has reviewed the theory of reflection from a slightly
rough surface and a perfectly conducting, randomly rough surface.
The complexity of the resulting scattering coefficients is an indica-
tion of the difficulty of inferring dielectric information from
observed emissivities by means of theoretical models.
It may be possible to develop a statistical inference technique
by correlating the measured dielectric permittivity of the observed
materials, with parameters describing the emissivity of the natural
surface at different frequencies. A correlative approach would require
only rather simple empirical models of reflectivity, instead of the
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complex ones derived from a more thorough theoretical study of
rough surfaces. An attempt should be made to relate emissivity
parameters to measures of surface roughness.
2. .Method (2) - Comparison of Emissivities
The method represented by Item (2) shows some promise, par-
ticularly since curve-matching is known to have brought some success
in material identification in the infrared region of the spectrum.
However, this method has some inherent limitations as implied by
the emissivity curves shown in Figures 122 and 180. The separation
between dry specular saline and quartz is not very large, even
at vertical incidence. There is a somewhat greater separation between
dry specular saline and limestone. However, as shown in Figure
180, an emissivity curve for smooth soil, with the correct amount
of moisture, could fall on top of the limestone curve. Thus, in
situations where considerable amounts of moisture can be expected,
both the curve-matching technique, as well as the technique described
under Method (1), will require supplementry information for material
identification.
3. Method (3) - Correlation of Spectral and Imaging Information
Item (3) is, perhaps, the most powerful of the, three methods.
However, it demands the following system characteristics:
a) The radiometer should have high temperature sensitivity and
should provide high spatial resolution, and
b) A multi-level imaging display should furnish an accurate
presentation of quantitative data, preferably in the form of a wide
(35, 36)
range of colors
An imaging display, when correlated with topographical, geo-
logical <>nd known agricultural information, can be of great value
in the idnetification of materials and phenomena, particularly if
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Figure 180 - Emigsivities of Dry and Moist Soil (f o 10 GHz)
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size and shape are taken into account. It is felt that a certain
amount can be gained, in the area ofradiometric image interpretation
from infrared and radar image interpretation techniques.
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VIII CONCLUSIONS
Since a considerable amount of detail appears in this report
some conclusions are summarized below for purposes of convenience.
These are presented in the order in which the detailed
information appears throughout the report.
A. BASIC MEASURED RADIOMETRIC DATA
1. There is a considerable dearth of accurate measured ground-
based data suitable for studies of this type. The shortage lies
in the following areas:
a) Variety of materials observed.
b) Range of frequencies employed.
c) Correlative data taken for interpretation purposes.
2. In general, an insufficent amount of attention is given to
the correlation and interpretation of available data.
3. Ground-based apparent temperatures have not been converted
to brightness temperatures on a routine basis.
4. There is a general dearth of techniques suitable for use in
deriving emissivities of rough surfaces.
5. The more recently obtained ground-based data is of much better
quality, clearly showing the frequency, polarization, surface tempera-
ture and moisture dependence of apparent temperatures.
6. Techniques and computer programs have been developed for
conversion of apparent temperatures to brightness temperatures.
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B. IMAGING DATA
1. A large amount of black-and-white and color imagery is avail-
able; however, considerable quanities of this data are yet to be
interpreted.
2. Imagery presented in this report shows that when contrasts are
high, relatively fine detail can be registered by a scanning radio-
meter.
C. THEORETICAL DATA
1. Although specular emissivities of materials can be calculated
from dielectric permittivities by means of the Fresnel equations,
techniques.have not been developed for extrapolation of dielectric
permittivities of solid materials from one frequency to another.
2. There is a shortage of dielectric permittivity data for
solid naturally occuring materials.
3. Sky brightness temperatures and atmosphereic transmission
factors can be calculated with reasonable accuracy, with the aid
of existing theory and suitable atmospheric models.
4. For a given weather model, sky brightness temperatures are
proportional to frequency and zenith angle, and approach ambient
temperatures at frequencies above 35 GHz and zenith angles greater
than 60 degrees.
5. Atmospheric transmission factors are inversely proportional
to frequency and nadir angle, and degrade to values of 60% or less
at frequencies above 35 GHz and nadir angles greater than 60 degrees.
6. For weather models containing condensed water vapor, trans-
mission through the atmosphere at 94, 140 and 220 GHz is considered
to be inadequate for an Earth Resources application.
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7. Reflected sky radiation can contribute markedly to the bright-
ness temperatures of materials with high reflectivities, particularly
at incidence angles beyond 30 degrees. The amount contributed is
proportional to atmospheric water vapor content, frequency and
incidence (zenith) angle. This effect is of importance in the case
of water, moist bare soils, and dry snow (the last-mentioned at 37 GHz).
D. STUDY RESULTS
1. Relatively high minimum detectable temperature sensitivities
can be realized in state-of-the-art radiometers for this application,
at frequencies through 35 GHz. Moderate sensitivities are available
at 94 and 140 GHsS. At 220 GHz, the presently available sensitivity
is considered to be inadequate.
2. Measurement of ocean roughness appears feasible with micro-
wave radiometers operating at frequencies as high as 19.35 GHz. Results
are more encouraging for horizontal than for vertical polarization.
3. An analysis of results showa that 33 pairs of materials and
phenomena are detectable with state-of-the-art radiometers, from an
altitude of 200 nm. Most of the materials and phenomena are detect-
able under the following conditions.
a) Frequencies: 1 - 3 5 GHz.
b) Weather conditions: Clear sky, cloud and light rain.
c) Nadir angles: From 0 to 30 degrees minimum.
d) Polarization: Mainly horizontal, with some showing a
preference for vertical.
4. Improved detectability can be achieved under the following
conditions:
a) Frequency range: 1 - 1 7 GHz max.
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b) Nadir angles: 0-45 degrees max.
c) Polarization: Horizontal (both horizontal and vertical
polarizations would be required for use
in special techniques i.e., material iden-
tification and vater surface temperature
measurement).
5. Temperature distributions can be readily detected in soils
and to a limited extent in water.
6. Icebergs can be detected with good reliability, in the
frequency range 13 - 17 GHz. This conclusion is substantiated by
recent experimental data (see Appendix D).
7. Large apparent temperature variations between dry and moist
snow, at 37 GHz, indicate a hitherto unknown and, possibly, useful
phenomenon.
8. Moisture distributions can be readily detected in soils at
both 13.4 and 37 GHz.
9. Moderate-size forest fires can be detected at 19.35 GHz.
10. The identification of materials requires special analytical
and observational techniques, coupled with suitable displays and
display interpretation methods.
11. A theoretical technique is available for derivation of
water surface temperatures: however, experimental development is
required before it can be successfully employed.
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IX RECOMMENDATIONS
The following recommendations are considered to be of some
importance:
1. Analytical studies and laboratory measurements should be performed
to furnish additional data on the microwave dielectric permittivities
of ocean water, soils and snow at frequencies in the range 1 - 3 5
GHz.
2. Techniques should be developed to allow extrapolation of dielectric
permittivities of solid materials from one frequency to another.
3. Studies should be performed on the microwave scattering properties
of semi-rough-surfaced materials and attempts made to develop
methods for deriving emissivities of same.
4. An error analysis should be performed to determine the accuracy
of the water surface temperature measurement technique. If pos-
sible, rough water surfaces should be brought into the analysis.
Optimum frequencies should be recommended.
5. Ground-based radiometric measurements should be performed at fre-
quencies in the range 1 - 3 5 GHz to provide data on the following:
a) Ocean water - calm and rough to-aid in further development
of an ocean roughness measurement techniques.
b) Soils - dry and various moisture contents. Also smooth and
rough.
c) Snow - smooth and rough, with depths from 0.5 to 4 feet.
d) Vegetation, including crops.
To ensure useful results, the measurement and data analysis approach
should be planned in detail and equipment performance specified.
Types and accuracies of correlative data should be specified. The
absolute accuracies of radiometers intended for such measurements
should be of a high order - preferably within 1 K for an integration
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interval of one (1) second. All apparent temperatures should
be converted to brightness temperatures.
6. Concurrent radar measurements should be performed, at the radio-
meter frequencies, to provide scattering data on rough-surfaced
materials.
7. The water surface temperature measurement technique should be
developed experimentally at an ocean site, following the pre-
viously mentioned error analysis. The effect of ocean roughness
on accuracy should be investigated. If possible,separate tanks
of sea water of different temperatures, should be added to permit
a check on the accuracy with which surface temperatures can be
derived. All apparent temperatures should be converted to bright-
ness temperatures.
8. Additional analytical investigations should be performed relative
to the microwave properties of the atmosphere, with application
to the Earth Resources Program. This work should include the
generation of additional weather models.
9. In anticipation of future airborne or spaceborne observations, an
interpretation program should be established to permit the devel-
opment of techniques for radiometric data interpretation. A
cooperative project with the Center for Research, at the University
of Kansas, may be of some benefit.
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APPENDIX A
ANTENNA PATTERN CORRECTION
APPENDIX A
ANTENNA PATTERN CORRECTION
1. Geometry
The gain patterns of microwave and millimeter-wave antennas
is simply the manifestation of diffraction of electromagnetic waves
by a finite aperture. Most of the power received by the antenna is
contained in the main lobe of the diffraction pattern. The remaining
power is received via the side and back lobes.
If one were investigating astronomical radio sources of very
small angular extent, it would be important to remove the effect of
the main lobe "pattern". However, for extended sources, such as the
atmosphere and terrestrial materials, the brightness temperature var-
iation within the main lobe half-width is not sufficient to necessi-
tate the removal of the main lobe effects. The following discussion
will concentrate on the correction for side and back lobe effects.
The geometry of the situation Is Indicated in Figure (A-!)«
Environmental temperatures are given in the (x, $, *) coordinate
system where the unit vector z is oriented in the zenith direction.
The antenna axis la inclined at angle 60 to the zenith and defines
the unit vector £'. If the x' direction is chosen to coincide
with the x direction, the set (x'v y1, z') defines Cartesian
coordinates in the antenna-centered fraae.
A-1-
ZENITH
A
X
Figure A-l Antenna Pattern and Environment Coordinates
Antenna- Centered
Frame
Parabol cudal
Antenna
Environment-Centered
Frame
Figure A-2 Angular Coordinates of Antenna Pencil Beam in Antenna
and Environment-Centered Frames.
A-2
Polar angles in either frame are defined with respect to the z
axes, while azimuthal angles are defined with respect to the x axes.
Figure A-2 shows the angular coordinates of a pencil beam in both
environment and antenna-centered frames.
2. Analytical Approach
The apparent (aeaaured) temperature seen by an antenna
oriented at a zenith angle 80 is given by
(e, +) g(e'. *') do'
(80) " -JS—" (A-l)
. *') da1
where
T
B (6» *) • brightness teoperature of environment at
zenith angle 0 and azimuthal angle ft
6* - polar angle of environmental point in antenna-
centered coordinates
4* •- azimuthal angle in antenna-centered coordinates
g • antenna gain function in antenna-centered system
dft' • element of solid angle in antenna system
If one assumes the environment to be azimuthally symmetric
(certainly true for clear skies), then T_ depends on 8 only and
Equation (A-l) can be written
(60) " J K(80.e) TB (8) do (A-2)
A-3
2v
where
J g(e', O d*sin 6
Me.. 6) . ... r <A-5>
*f *W
', >') sine* d*' dO1
o e
Equation (A-2) is a Fredhola integral equation of the first kind with
kernel K. It can be solved numerically In the following way.
First, one introduces a quadrature rule to change the integral
in Equation (A-2) into a aunt
(6.)
- / kj <«•> *B <e.j
The set of finite angles (6.) nay be chosen to be equidistant if
desired. If the antenna temperature T is also measured at these
angles, then a set of linear matrix equations results:
CA-5)
where C.. is a o x m matrix derived from K.
Since T. and T_ are very close in magnitude, it is convenient
'A O
to calculate their difference. Equation (A-5) can be written
A-4
where,6 is the unit natrlx; or in symbolic matrix notation
TB - TA - (G - l)TB (A_
Equation (A-6) has a formal solution which may be expressed as an
infinite series)
TB - TA - (C - I)TA + (G - I)(G - I)TA - ... (A-7)
In Equation (A-6) and (A-7), I represents the unit matrix.
Truncation of the series in Equation (A-7)is equivalent to
solving the following iterative set
(A-8)
T . T /- . i\
 TTB TA <C X) TB
T,,
Usually only one or two iterations are necessary in order to achieve
a satisfactory solution to Equation (A-5) if TA is given by empirical
data.
An obvious method to calculate G.. Involves using a quadrature
rule based on equidistant intervals in 6. This approach leads to the
form
(8.) -
A-5
where, v is an appropriate weight. Because of the highly peaked
nature of K, the important sum condition
does not hold sufficiently well to insure the accuracy needed for
solution of Equation (A-6), A better method of calculation involves
writing Equation (A-2) as
TA <e.) - J TB<e) dP<e, e.) (A 9)
where
p<e, e.) - J K(e., e) de (A-10)
Then the trapecodial rule may be applied to Equation (A-9).
yielding
TA(e.) - / TB(ei) 1/2 [P(ei+1, e0) - f(9^ lt e.)] (A-ID
or
Next it is necessary to indicate the method of computing P.
Using Equation (A-3)and (A-10) we write,
P(e, ec) - H (e-e) g(e',*') dftf / /g(e',$!) dn1
A-6
where, H(e) la the Heavlslde unit step function. The solid angle
integration in the numerator of Equation (A-13) has been written
in the antenna-centered ayseen instead of the zenith-centered systea.
One aay interpret Equation (A-13) aa saying that P(6,d0) is the
fraction of the received power entering the cone with half-angle
e centered on the senlth.
Now if e« • 0, then 0 • O1, and Equation (A-13) becoaes
6 2w
P(e o) - g(e'. •') d*' sine' de' (A-i4)
w 2i
f f g(e'. *') d^' sine' de'
o o f
A great alnplicatlon ia acheived by specializing to the case where
the antenna is azimuthally syonetrlcal i.e., there is no gain
dependence on $'. In this case, Equation (A-14) becones
e
J g(e') sin e' de1
.0> - -: .
f g(e') sin e' de'
and Equation (A-13) can be written
e. e.) - f—*?<*«• 5» » ' )* dp <e',o)__ *^ *. f a^n % . W A A WA w M ^ «au «n* 111 ^ ^^/
A-7
where,
/
H(0 -(00,0,0«) = /ti
o
= $I(e0'5'Qt) -$2 (eo'5'°'> CA-17)
Now the angles 4! (e0»e,6') represent the aximuthal angles
corresponding to the intersections of two cones: the first
cone is defined in the antenna-centered frame by constant polar
angle 6*; the second cone is defined in the environment-centered
frame by constant polar angle 6* In order to determine the
analytic relations for »., the geometrical configuration of
Figure A-2 can be used to express the transformation of coordinates
between antenna and environment-centered frames:
sine' cos 4' • sine cos* (A-18)
sine' sin*' - cos6e sine sin* - slnO. cose (A-19)
cose1 - slne« sine sin* + cos 9. cos 6 (A-20)
The angles *' defined by fixed values of 6e, 6, and 6' can
be found from Equation (A-18) if values of + are already determined;
these latter must be obtained by solving Equation (A-20). The
^
set of Equations (A-18), (A-19), and (A-20) are invariant under
the transformation
ir -
hence, the two solutions in Equation (A-17) are related. By
rewriting Equation (A-20) as,
A-8
.-* coae* - cos6« cose
sin* • (A-22)
sine* sine
one can see that It has two solutions: $~ an<* •« " * ~ $9*
The final result is obtained by Inserting either value in Equation
(A- 18) in the form, for example
 t
. / sine cos$0 , /» «,x
*J (60.8,6') - cos'1 - 1 <A-23>
\ sine1
The other branch of the solution is given by
»' (6. ,6.6') • w - «; (e.,6.61) (A-24)i *
3. Calculations
Two computer programs have been coded to perform the antenna
pattern removal.
The first program has the task of calculating the matrix elements
C.. fro» the Equation (A-12). The matrix
M - G - 1 (A-25)
is output on punched cards or magnetic tape for use with the second
program. In the course of calculation the condition
A-9-
(A-26)
is tested.
The second program, APCOR4, has the task of solving for brightness
temperatures by the Iterative method presented in Equation (A-8).
It accepts the matrix elements, M, and performs a given number of
iterations on the apparent temperture data, which are obtained at
the specified angular mesh {8.} by polynomial interpolation. The
mesh chosen for the present data consisted of 29 angles defined by
C086 .
n
This set appeared to give adequate resolution near the horizon,
while keeping computer time to a reasonable level.
The results of the iterative method applied to 20 cases are
presented elsewhere in this report. For the X-band data,an. averaged
gain pattern was used for both polarizations. In the K - and W-
band cases separate antenna patterns were employed for both
polarizations, and the computer performed the azimuthal averaging.
From preliminary calculations It was concluded that satisfactory
antenna pattern correction may be obtained with one Iteration.
Therefore, all the processed data show a single application of
Equation (A-8).
A-10
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APPENDIX B
i
PRACTICAL SPACECRAFT ANTENNAS
High spatial resolution, by an earth-orbiting microwave radio-
meter, demands large-aperture antennas. If a line-scan along the
orbital plane, with a pencil-beam.antenna, Li considered to be suf-
ficient for a given application, fixed-beam deplovable antennas can
be attractive.
A survey of deployable antennas, suitable for use in the microwave
region, has revealed some interesting infdrmation which is summarized
and partially reproduced here. It appears that surface irregularities
in some of these antenna are sufficiently small to allow operation at
frequencies as high as 30 GHz. However, in general, the maximum
useable frequency 14.es between 10 and 17 GHz, depending on the par-
'»w
ticular type of antenna involved.
A. DATA FUSMISHBP BY NEOTBC COOPERATION
Figure B-l shows a 2§«£p0t diameter folded hybrid paraboloidal
reflector during its deployment. Its flight weight is 152 pounds.
The surface rma error, weighted for tapered.illumination, ranges
from 0.116 inches to 0.182 inches, in the presence of a one(l)
"g" field, for various orientations.. This type of antenna utilizes
a combination of a rigid hub, folded panels and deployable mesh.
Since the deployable portion of the reflector is stowed behind the
hub, only approximately one-half the total aperture diameter is
obscured. Thus, degraded operation is possible in the undeployed
configuration.
B. DATA FURNISHED BY PAIRCHILD HILLER CORPORATION
The paragraphs to follow provide descriptions of a number of
deployable antennas.
B-l
Figure B-l(a) Folded Hybrid Paraboloidal Antenna - Initiation of
Deployment.
**. • • v * j ~,
Figure B-l (b) As above - Intermediate Position.
Courtesy Neotec Corporation
B-2
Figure B-l (c) Folded Hybrid Paraboloids! Antenna - Fully
Deployed
Courtesy Neotec Corporation
-B-3
1. Inflatable Parabolic Antenna
Figure B-2 shows a view of this type of antenna. The inflatable
systems' attractiveness lies in their small stowed volume requirements.
However, their capacity for reliable deployment to accurate surface
tolerance is debatable, particularly at micorwave frequencies. This
limitation is due not only to their dependence on material "performance",
but also to their sensitivity to pressure sensing and regulation
tolerances.
2. Rigid Petal Parbolic Antenna
Figures B-3 and B-4 show views of the rigid petal antenna. This
design appears to be the most accurate technique for deployment of
parabolic antennas of limited size (<60 feet) and requiring limited
participation by an astronaut. The honeycomb petals are hinged to a
central hub and are spring actuated to deploy at a rate limited by a
viscous damper system. Upon full deployment, proper petal align-
ment can be checked by the astronaut, who can then engage the petal
latches either manually or by an electrical signal to a squib system.
The principal disadvantage of this system is its relatively large stow-
ed volume.
3. Radial Petal Parabolic Antenna
Figures B-.5 and B-6 show the undeployed and deployed conf iguations
of the radial petal antenna. This antenna is similar to the rigid
petal type except that the fabrication of the radial petals is some-
what simplified since the petal beams do not require warping.
4. Retentive Memory Petal Antenna
This approach utilizes the "retentive memory" capability of
elastic structures and "slices" the paraboloid into a combination of
B-4
Figure B-2 Inflatable Parabolic Antenna
Courtesy
Fair-child Miller Space
Systems Divsion
B-5
s ->
•• \
Figure B-3 Rigid Petal Parabolic Antenna
Courtesy Fairchild Hiller Space
Systems Division
§di
Figure B-4 Rigid Petal Parabolic Antenna (Deployed)
— Courtesy Fairchild Hiller
B-7 Space Systems Dxv. '
9'6' D/ft
Figure B-5 Radial Petal Parabolic Antenna (Stowed)
Courtesy Fairchild Killer
Space Systems Div.
B-8
Figure B-6 Radial Petal Parabolic Antenna (Deployed)
Courtesy Fairchild Miller
Space Systems Div.
B-9
rectangular and triangular petals which are not only hinged at their
roots but remain hinged to each other during deployment. During launch
the petals are "flattened" and by the release of the strain energy the
system can be self deploying. This concept will depend on the feasi-
bility of achieving sufficient petal rigidity and strength to with-
stand the launch environment while at the same time permitting a
sizeable deformation without yielding of the material. Figure B-7
shows this concept.
5. Expanded Truss Antennas.
The self-expanded truss design consists of a series of radial
segments, each of which is a scissor link system designed to deploy
into a parabolic arc. Additional contoured links actually reproduce
the parabolic curve. The radial segments are interconnected by
links which control segment spacing and produce uniformity of deploy-
ment. The reflecting surface material is attached to the contoured
links which cause the surface to assume the proper deployed shape.
Although the system can be designed for automatic deployment, greater
confidence can be realized by an astronaut's ability to assure lock-
ing of over-center links and to smooth out any gross surface irregu-
larities.
6. Comparison of Antenna Types
Figure B-8 furnishes information concerning the maximum diameters
of various types of deployable antennas, based on a maximum loss of
1 db. Figure JB-9 shows the stowed volumes of the rigid petal and
expanded trusa,antennas as a function of deployed diameter.
7. Precision 30-font Diameter Parabolic Antenna
This section presents the results of a study by Fairchild
Hiller in which the goal was to design a 30 foot rigid petal parabo-
B-10
Figure B-7 Retentive Memory Parabolic Antenna
Courtesy Fairchild Miller
Space Systems Div,
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loidal antenna with an F/D of 0.4 and having the greatest possible
systematic and random surface accuracy. The influence of manufac-
turing processes and tolerances, deployment system capabilities, and
space environment were considered as critical factors in determining
the resultant accuracy of the antenna. The study was based upon the
following assumed ground rules:
Accuracy is of paramount importance and is to be the dominating
parameter when trade-offs must be made.
Weight limitations are not to be considered as a primary con-
straint
Stowed volume is limited to that available within a 10 foot dia-
meter cylinder.
Astronaut participation in the deployment sequence may be con-
sidered if required.
The antenna fits within a 9-foot cylindrical diameter envelope which
is 17 feet long. The total weight was estimated at 420 pounds.
a) Effect of Errors on Patterns
Errors due, to antenna fabrication and environment may be classi-
fied as either systematic or random. The difference in the two
classes is that the effects of the systematic errors can only be
described in statistical terms.
A number of systematic errors have been analyzed by Silver*.
The linear phase error causes the beam to tilt off axis. The
* Silver, S., Microwave Antenna Theory and Design, McGraw-Hill
Book Company, New York (1949).
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quadratic phase errors raise the sidelobe intensities and fill in
the minima, while at the same time reducing the gain. The cubic
phase error causes a beam tilt similar to that due to the linear
phase error and increases side-lobes in an asymmetrical manner. The
periodic error can produce spurious beams at angles off broadside.
The angular location and amplitude of the spurious beams depends on
the error amplitude and period. The spurious beams are -analogous to
the grating lobes of array theory; grating lobe theory thus can be
applied to the analysis of the periodic error.
The effect of random errors has been examined by' the analysis
due to Ruze**. Main emphasis has been placed on the gain reduction
caused b'y random errors; the increase in sidelobe levels is not as
important for the present application. The loss gain is given by the
following expression:
i \4X
Here, C is the correlation interval, assumed small compared to the
wavelength X. The correlation interval is that distance, on'the aver-
age, where the errors become essentially independent of one another.
The RMS aperture phase error is 6, which is assumed small also. The
RMS re.f lector error is, of course, half of 6.
In Figure B-10 there is shown the loss of gain as a function of
reflector tolerance. The correlation interval assumed is C • X/2TT.
Large values of C mean that the errors are large in extent and, con-
sequently, cause more degradation. If a maximum of 1 dbloss in gain
is acceptable, a RMS reflector error of 0.1 inch will allow operation
to 10 GHz.
** Hansen, R. C., Microwave Scanning Antennas, Academic Press, New
York (1964) (Chapter 1).
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Figure B-10 Antenna Gain Loss with Random Errors
Courtesy Fairchild Hiller
Space Systems Div:
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The reflector error is not measured from the design values but,
rather, is measured from the perturbed mean values.
b) Performance Evaluation
For purposes of estimating the maximum operating frequency,
a maximum allowable degradation must be established. For the present
application, a maximum gain degradation of 1 db has been selected.
This amounts to a loss in effective area of 20%.
For random fabrication errors, the plot of Figure B-10
may be used. RMS errors of X/10 generally cause a 1-db loss of gain.
The thermal deflection error has been treated by assuming that
the resulting aperture phase defects could be approximated by a
quadratic curve. An edge error in the reflector of X/8 results in
a degradation of gain of about 1 db. (Sidelobe level is degraded
by about 3 db for uniform illumination.)
These criteria have been applied to the four configurations studied
for the high precision, 30 foot diameter reflector. The results are
shown in Table B-l. It should be noted that good performance at a
frequency as high as 85 GHz is attainable with a 30-foot antenna.
Even the light weight.uninsulated, aluminum configuration will pro-
vide good performance at C-band (approx. 5 GHz.)
B-17
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APPENDIX C
ANTENNA PATTERN MEASUREMENTS
APPENDIX C
ANTENNA PATTERN MEASUREMENTS
The information presented here was furnished by Mr. John Hull of North
American Rockwell Corporation, Columbus, Ohio.
'Antenna pattern measurements were performed on a 3-foot dia-
meter parabolic antenna with both coherent signal source and a noise
(incoherent) source. The latter consisted of a broad-ban* noise
tube covering the frequency range 7.5 - 12 GHz.
Referring to Figure C-l, the E-plane pattern with the noise
source shows a 3-db beamwidth of 2.6 degrees which is a factor of
1.7 broader than the 12 GHz coherent pattern (1.5 degrees). In addi-
tion, the first nulls are almost completely filled in for the noise
pattern and the first sidelobes are approximately 6 db higher than
those for the 12 GHz pattern.
The H-plane pattern, shown in Figure C-2, indicates similar
results except that the 3-db beamwidth is slightly broader than the
corresponding E-plane pattern. Compared with the coherent pattern at
9.5 GHz, the 3-db beamwidth is broadened by a factor of 1.5. i.e.,
3.2 versus 2.1 degrees. The effect is similar to that shown for the
E-plane beamwidth, 0.6 versus 1.7 degrees). Again the first nulls
are almost completely filled in for the noise pattern. Also, the
first sidelobe, on the left side, is approximately 6 db higher than
the corresponding coherent cource sidelobe.
From the above data it appears that broadband operation
markedly degrades the beamwidth of a pencil-beam antennna and reduces
its directivity due to higher sidelobe levels. Taken from the point
of view of an earth-scanning microwave radiometer, broadband operation
will reduce spatial resolution and will reduce the ability of the
radiometer to discriminate between targets and phenomena in its field of
view.
C-l
5 U
Noise pattern
Bandwidth: 7.5 - 12
GHz
Coherent
pattern
Coherent
pattern
Coherent pattern
Noise generator: Noise tube
Antenna type: 3-foot-diameter
paraboloid
Horizontal scale » 1 degree/division
Figure C-l - Antenna E-Plane Pattern
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5 <-
Noise pattern
Bandwidth = 7.5 -
12 GHz
Coherent pattern
at 9.5 GHz
Noise generator: Noise tube
Antenna type: 3-foot-diameter
paraboloid
i i I i I ii i i i i i
35 -
Horizontal scale • 1 degree/division
Figure C-2 - Antenna H-Plane Pattern
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APPENDIX D
SUMMARY OF U.S. COAST GUARD/SPERRY RADIOMETRIC
ICEBERG DETECTIONS IN 1967
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